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Editorial Note 



This issue of Pramana carries a series of articles based on presen- 
tations originally made at the National Conference on Atomic 
and Molecular Physics, held at NT, Chennai, during 17th to 20th 
December 1996. The subject of Atomic and Molecular Physics was 
of course in the limelight in the early days of quantum physics. But 
it is not widely appreciated that new applications, new measure- 
ment techniques and of course increasing computing power have 
led to something of a resurgence in the field. We are grateful 
to the Guest Editors, Drs P C Deshmukh, M K Srivastava, E 
Krishnakumar and S A Ahmad who took on the tasks of selecting 
the contributions, corresponding with the authors and the 
referees, and looking into the many details that make a special 
issue like this possible, and express the hope that this special 
issue will be useful both to practitioners and to others interested 
in this field, thanks to the authoritative and topical reviews as well 
as the contributed papers. 

Rajaram Nityananda 
H R Krishnamurthy 



Foreword 



The XI National Conference on Atomic and Molecular Physics (X3 NCAMP) was 
convened by the Indian Society of Atomic and Molecular Physics (ISAMP) at the Indian 
Institute of Technology, Chennai from December 17 to 20, 1996. The NGAMP, as readers 
would know, is held once every two years, and it has now attained a significant 
international character. Leading scientists from India and abroad get together to present 
their latest research at these meetings. The growth of ISAMP is well documented in a few 
reports in a recent issue of the ISAMP News Letter (Vol. 1, No. 2, June 1997). Starting 
from a 'workshop' format, the NCAMP has now come a very long way. With Pramana - 
Journal of Physics bringing out this special issue of articles written by distinguished 
scientists who were invited to deliver talks at the XI NCAMP at IIT, Chennai, ISAMP 
celebrates today a very special landmark. 

The XI NCAMP was a wonderful experience at IIT, Chennai. Senior scientists 
interacted closely with upcoming youngsters in a lively atmosphere. The keynote 
inaugural address was delivered by Dr D D Bhawalkar (CAT, Indore) which was followed 
by a very lively session on 'Atomic and molecular photoabsorption processes using 
synchrotron radiation'. There were subsequent exciting sessions on 'Atomic/molecular 
structure and fundamental interactions', 'Novel computational techniques in atomic/ 
molecular collision/photoabsorption processes', 'Light (or heavy) ion-atom/molecule 
collisions, electron/positron collisions with atoms/molecules in ground or excited 
states', 'Polarized electron scattering; Photoelectron spin polarization processes', 
'Instrumentation in high-resolution spectroscopy techniques' and 'Collisions involv- 
ing clusters, condensed matter and high-energy interactions'. The present issue of 
Pramana contains articles by most of the scientists who spoke at the XI NCAMP. Also, a 
large number of new results in frontier areas were presented in stimulating poster sessions 
leading to productive discussions, and in fact, some research papers resulted from the 
meeting through the interaction that took place. In addition, there was the 'S. N. Ghosh 
Award' presentation, a panel discussion on 'Atomic, Molecular and Optical Physics in 
India: Past, Present and Future', and a special session was held to honour some senior 
members of the ISAMP: Professor D Basu, Professor N C Sil, Professor S P Khare and 
(Late) Professor S K Mitra. Also, there was a special session for graduate students to 
present a summary of their doctoral research work. 

Several individuals and agencies have enabled the release of this issue. Special 
mention should be made of the institutions and funding agencies which contributed 
to the XI NCAMP: Indian Institute of Technology, Chennai; Indian Association for 
the Cultivation of Science, Calcutta; Board for Research in Nuclear Sciences, Mumbai; 
Department of Science and Technology, New Delhi and Tamilnadu Academy of 
Sciences, Chennai. ISAMP's National Organization Committee and the Local Organiza- 
tion Pnmmittp.fi of thp, TTT fhp.nnai maHfi all the, arrangements for the, XT NCAMP. 
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Pramana. I have been very ably supported in this task by my distinguished colleagues 
on the Guest Editorial Board of this issue from IS AMP: Dr M K Srivastava (University of 
Roorkee, Roorkee), Dr S A Ahmad (BARC, Mumbai) and Dr E Krishnakumar (TIFR, 
Mumbai). 

P C Deshmukh 
Guest Editor 



Synchrotron radiation sources INDUS-1 and INDUS-2 



D D BHAWALKAR, G SINGH and R V NANDEDKAR 

Centre for Advanced Technology, Indore 452013, India 
E-mail: gurnam@cat.cat.ernet.in 

Abstract The synchrotron radiation sources, INDUS-1 and INDUS-2 are electron storage rings 
of 450 MeV and 2 GeV beam energies respectively. INDUS-1 is designed to produce VUV radiation 
whereas INDUS-2 will be mainly used to produce x-rays. INDUS-1 is presently undergoing 
commissioning whereas INDUS-2 is under construction. Both these rings have a common injector 
system comprising of a microtron and a synchrotron. Basic design features of these sources and 
their injector system are discussed in this paper. The radiation beamlines to be set up on these 
sources are also described. 

Keywords. Accelerators; synchrotron radiation; beam dynamics; x-rays; beamlines. 
PACS No. 42.10 

1. Introduction 

By late seventies, synchrotron radiation had already become well known as a powerful 
tool for basic and applied research in physics, chemistry, biology and medicine. Around 
that time, India also achieved a major milestone in accelerator technology when the 
224 cm diameter Variable Energy Cyclotron built by the Bhabha Atomic Research Centre 
(BARC) at Calcutta became operational. Based on the experience gained in accelerator 
technology and considering the use of accelerators in various disciplines, the Department 
of Atomic Energy (DAE) appointed in 1979 a committee under the Chairmanship of 
Dr P K lyengar, then Director, Physics Group, BARC to recommend a comprehensive long 
term programme to construct accelerators in India. After considerable deliberations, the 
committee recommended the construction of a synchrotron radiation facility in the first 
phase and a high energy proton accelerator in the second phase. This decision was based 
on the fact that a synchrotron radiation source will cater to the needs of a much larger and 
wider scientific community than a proton accelerator. In order to chalk out the specifica- 
tions of the synchrotron radiation facility to be built, another committee headed by 
Mr C Ambasankaran, then Director, Variable Energy Cyclotron Centre and Electronics 
Group, BARC was constituted. This committee recommended that two synchrotron radia- 
tion sources one for vacuum ultraviolet radiation (VUV) and the other for x-rays should be 
built. After several discussions with potential users, it was decided to build two synchro- 
tron radiation sources - first source, an electron storage ring of 450 MeV for the produc- 
tion of VUV radiation and the second one, a storage ring of 2 GeV energy for x-rays [1-4] . 
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Figure 1. Schematic of synchrotron radiation facility. 



These sources were named as INDUS- 1 and INDUS-2 respectively. A decision was also 
taken by the DAE to establish a new research centre named Centre for Advanced 
Technology (CAT) at Indore to take up the construction of these two synchrotron radia- 
tion sources as well as further accelerators in future. It was also decided that the Centre 
for Advanced Technology will also take up a major programme on developing laser 
technology. 

While planning these sources which are essentially electron storage rings, it was also 
decided to develop a common injector system for them. This injector system consists of a 
20MeV microtron and a 700 Me V synchrotron. A schematic of the synchrotron radiation 
facility is shown in figure 1. Many INDUS-2 users require the radiation of wavelength 
1 A or shorter. The flux and brightness of the radiation will be significantly higher, if the 
energy of INDUS-2 is increased to 2.5 GeV. This issue was discussed in the INDUS-2 
International Advisory Committee held at CAT in November, 1997 and the committee 
recommended that the maximum energy of INDUS-2 be increased to 2.5 GeV. Presently, 
we are considering the possibility of increasing the beam energy by further increasing the 
magnetic field of magnets as this would involve minimum changes in the basic design of 
the storage ring. 

The design work of all the accelerators and their subsystems has been carried out at 
CAT. All the major subsystems and components have been fabricated in the country; 
maioritv of them in CAT. In this paper, we discuss the design features and status of the 



As already stated, the injector system consists of a 20MeV microtron and a 700 MeV 
synchrotron. The synchrotron is designed to accelerate electrons from 20 MeV to a 
maximum energy of 700 MeV at a repetition rate of 1-2 Hz. Electrons are required to be 
accelerated to 450 MeV when they are to be injected into INDUS- 1 and to 700 MeV when 
required for injection into INDUS-2. The injector system is shown schematically in figure 2. 

2.1 Microtron 

The microtron developed at CAT is of classical type. It is designed to give a 20 MeV 
electron beam with a current of 30 mA in pulses of 1 to 2 |is duration at a repetition rate of 
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Figure 3. Various pulses for microtron. (Beam current 24 mA at the cursor.) 



1 to 3 Hz. The expected emittance of the electron beam from the microtron is l?r mm.mrad 
(horizontal) and 3?r mm.mrad (vertical) and energy spread is 0.2%. The microtron has a 
dipole magnet of 1.4m diameter, which produces a nominal field of 1.2 KG with a 
uniformity of 0.2% over a diameter of 0.8m encompassing 22 orbits of the accelerating 
electron. The acceleration occurs in a microwave cavity energised by a 5 MW klystron at 
2856MHz. A LaBe pin of 3 mm diameter mounted in a flat face of the cavity and with a 
capability to provide peak emission current of more than 3 A is used as an electron emitter. 
The electrons emitted from the emitter are accelerated to 20MeV in 22 orbits using the 
Type n injection scheme as discussed by Kapitza and Melekhin [5]. The vacuum in the 
microtron is better than 10~ 7 mbar. 

The microtron was commissioned over three years ago. Since then it has been regularly 
operated to deliver 20 MeV electrons at a 20-30 mA pulse current. The pulse current is 
measured by means of a fast current transformer. A typical oscilloscope trace showing the 
current pulse (TR4A) and other parameters such as forward microwave power, reflected 
power and emission current is given in figure 3. 



2.2 Synchrotron 

The synchrotron has a separated function type magnetic lattice which consists of six 
super periods, each having a dipole magnet and a focusing and a defocusing quadrupole 
for tuning the ring. The length of the straight section in the unit cell has been decided on 
the basis of the space requirement for various components such as kicker magnets, 
steerers, beam diagnostic devices and vacuum ports. The circumference of this accele- 
rator is 28.44m. The stability of the orbit at different field strengths of quadrupoles has 



The injection into the synchrotron is carried out with a 20MeV electron beam from the 
microtron. The beam is transferred to the synchrotron through the transfer line-1 which 
connects the microtron to the synchrotron. The beam matching requirements at the 
injection point of the synchrotron have been taken care of by using three quadrupole 
doublets and a bending magnet in the line. The electrons are injected into the synchrotron 
by adopting a multiturn injection scheme in which a 1 |as long electron beam pulse 
constitutes 1 1 turns in the synchrotron. Presently, the electrons are injected at a repetition 
rate of 1 Hz. The injection scheme involves a compensated orbit bump which is produced 
by means of three kicker magnets located in the straight sections SI, S2 and S6 indicated 
in figure 2. The electrons are accelerated in the synchrotron at a rate of 2000MeV/s by 
ramping the magnetic field of the dipole magnets, quadrupoles and steering magnets. The 
additional energy required for acceleration and for compensating the loss due to 
synchrotron radiation is provided by a radio frequency cavity operating at 3 1.6 13 MHz. 
The accelerated beam circulates in the synchrotron in the form of three bunches having an 
inter-bunch spacing of 30 ns. The accelerated beam is extracted from the straight section 
S4 by deflecting it by a fast kicker located in the straight section S2. The rise time of the 
kicker magnetic field is 45 ns, this allows extraction of two out of three bunches from the 
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magnets besides several steering magnets. For transferring electrons to INDUS-2, part of 
the TL-2 will be extended up to the storage ring ENDUS-2. 

In the synchrotron, the electrons have been accelerated to 450 MeV and the beam current 
of 1 1 mA has been achieved at this energy. The current of this magnitude was achieved 
after making several experiments which involved optimizing the dipole, quadrupole and 
steering magnet currents in the synchrotron and in the transfer line 1 . Figure 4 shows the 
accelerated current as measured by a DCCT along with the dipole magnet ramp pulse. 
When the accelerated current became more than 2 mA, experiments were done to extract 
the beam by varying the extraction magnet current and its triggering time. Two electron 
bunches out of three bunches are now successfully extracted as envisaged in the design 
specifications. The extracted electron bunches have been transferred to INDUS- 1 storage 
ring through the TL-2. Presently, studies are being carried out to enhance the accelerated 
current in the synchrotron. 

3. INDUS-1 



INDUS- 1 is a 450 MeV electron storage ring with four bending magnets of field 1.5 Tesla 
and bending radius of 1 meter. The circumference of the storage ring is 2/3 of the 

Table 1. Parameters of INDUS-1. 



Energy 
Current 
Bending field 
Critical wavelength (/ c ) 

Circumference 
Typical tune point 
Beam emittance E X 
e y 

Electron beam size and divergence 
Centre of bending magnet cr x , a y 

ay, oy 
Centre of Wiggler section cr x> a y 

ay, oy 
Photon flux c 

Brightness 11 

Bunch length ai 
Beam lifetime 
Energy spread 
Revolution frequency 
RE frequency 
Harmonic number 
Power loss 



450 MeV 

100mA 

1.5T 

61.38A(BM) a 

30.69 A (W) b 

18.96m 

1.88, 1.22 

7.3xlO~ 8 m.rad 

7.3xlO- 10 m.rad 

0.28, 0.07mm 
0.30, 0.01 mrad 
0.70, 0.03mm 
0.14, 0.03rnrad 
7.2 x 10 11 (BM) a 
3.2 x 10 12 (W) b 
7.2 x 10 11 (BM) a 
3.0 x 10 12 (W) b 
11.3cm 
1.8 hours 
3.86xKT 4 
15.82MHz 
31.613MHz 
2 

0.36 kW (BM) 
0.05 kW (W) 



a BM: bending magnet; b W: high field wiggler (3T); c Flux in photons/ 
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Synchrotron radiation 

circumference of the synchrotron from which electrons will be injected at 450 MeV into 
the storage ring. The magnetic lattice of the ring consists of four superperiods, each 
having one dipole magnet with a field index of 0.5 and two doublets of quadrupoles. Each 
superperiod has a 1 .3 m long straight section. Two such straight sections will be used for 
beam injection. One section accommodates the septum magnet and the other 
diametrically opposite to it accommodates the injection kicker. A single kicker scheme 
similar to SOR, Japan will be used for beam injection. Of the remaining two straight 
sections, one is used for the RF cavity and the other to be used later for a 3 Tesla wiggler. 
Besides having a wide tunability, the present lattice also provides a fairly low beam 
emittance. The chromaticity of the ring will be corrected by installing sextupoles in each 
straight section. The specifications of INDUS- 1 are given in table 1 and the lattice 
functions are shown in figure 5. The ring has a provision to accommodate a wiggler as 
mentioned above. The radiation flux and brightness from the bending magnets and 
wiggler are shown in figure 6. The critical wavelength of radiation from the bending 
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Figure 6. (a) Flux and (b) brightness versus photon wavelength for INDUS-1. 



magnets will be 61 A, whereas the wiggler will produce harder radiation having critical 
wavelength of 3 1 A. 

Presently, the injection kicker is not yet installed in the ring. However, to test the 
septum and other magnets in the ring, electrons were injected. By varying the current of 
the magnets, electrons could be circulated for 6 turns. These observations were made with 
the help of a wall current monitor. The injection kicker will be installed soon and 
subsequently, trials will be made to accumulate current in the ring. 



4. INDUS-2 

INDUS-2 is a high brightness x-ray source with a beam energy of 2 GeV. It is designed to 
accommodate a number of insertion devices and therefore an expanded Chasman Green 
lattice has been chosen and optimized for it. The storage ring consists of 8 unit cells each 
providing a 4.5m long straight section. The magnetic structure of the storage ring 
INDUS-2 is shown in figure 7. Its unit cell has two 22.5 bending magnets, a triplet of 
quadrupoles for the control of dispersion in the achromat section, two quadrupole triplets 
for the adjustment of beam sizes in the long straight sections and four sextupoles in the 
achromat section for the correction of chromaticities. An additional advantage of this 
lattice is that the two 2 m gaps between the focusing and defocusing quadrupoles in the 
achromat section provide a lot of space for accommodating beam diagnostic and vacuum 
devices. The design parameters of the source are given in table 2. A similar structure with 
a gradient in bending magnets has been adopted for the synchrotron radiation source 
ELETTRA at Trieste, Italy. Though the gradient has some beneficial effects on the beam 
optics, we have chosen normal parallel edged magnets to avoid fabricational problems 
associated with gradient magnets. Of the eight 4.5 m long straight sections, one will be 
used for beam injection and two for RF cavities and the remaining five for insertion 
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Figure 7. Magnetic structure of INDUS-2. Inset highlights a unit cell with bending 
magnets (B), quadrupoles (F and D) and sextupoles (S). 



three straight sections will remain unused for some time leaving some scope for 
further development of the machine. 

The length of the straight section between the focusing quadrupole and the defocusing 
quadrupole of the achromat has been adjusted to obtain a good decoupling of beta 
functions and a small beam emittance. The lattice functions at the tune point (9.2, 5.2) are 
shown in figure 8 in which a beam emittance of 3.72 x 10~ 8 m.rad is achieved with zero 
dispersion in the insertion section. It is found that the emittance can be reduced if one 
relaxes dispersion in insertion section. For the correction of chromaticities, two families 
of sextupoles are. used per superperiod. Dynamic aperture calculations have been done 
using computer program RACETRACK [6]. The dynamic aperture in the presence of 
chromaticity correcting sextupoles is adequate from the considerations of beam injection 
and beam storage. 

The electron beam extracted from the synchrotron will be injected into INDUS-2 
through the transfer line-3 (TL-3). Besides part of TL-2, TL-3 consists of 4 FODO cells, 
two achromatic bends and six independent quadrupoles to match the beam parameters at 
the injection point of INDUS-2. Total length of TL-3 is ~ 90 metres. 

The synchrotron will provide two bunches each around 1 ns long separated from each 
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Energy 


2 GeV 


Current 


300mA 


Bending field 


1.2T 


Critical wavelength (/ c ) 


3.88 A (BM) 




0.93 A (Wavelength shifter) 




2.59 A (MW) 


Circumference 


172.2781 M 


Typical tune point 


9.2, 5.2 


Beam emittance e x 


3.72xlO- 8 m.rad 


e y 


3.72x 10- 9 m.rad 


Electron beam size and divergence 




Centre of bending magnet <r x , cr y 


0.187, 0.190mm 


OV, ay 


0.287, 0.050 mrad 


Centre of insertion section a x , a y 


0.722,0.086mm 


(Jy, ay 


0.052, 0.043 mrad 


Bunch length 1a\ 


3.00cm 


Beam lifetime 


20.0 hours 


Energy spread 


7.2 x 10~ 4 


Revolution frequency 


1.740MHz 


RF frequency 


189.678MHz 


Harmonic number 


109 


Power loss 


76.3kW(BM) 




4.3 kW (WSH) 




5.2 kW (MW) 



BM: Bending magnet; MW: Multipole Wiggler (1.8T); WSH: Wave- 
length shifter (5 T). 



several pulses at 700 MeV to accumulate 300 mA, the beam will be accelerated to 2 GeV 
by slowly increasing the magnetic field of the bending magnets. The beam will be 
injected in the horizontal plane via two septum magnets (one thick and another thin one) 
by a multiturn injection process in one of the 4.5 m long straight section by employing a 
compensated bump which will be produced by means of four kickers. 

As an x-ray source, INDUS-2 is envisaged to provide radiation from bending magnets 
and wigglers. Its beam energy of 2 GeV is adequately high to produce powerful x-rays 
from these devices. The magnetic field in a bending magnet at 2 GeV will be 1.2T 
which will generate radiation of critical wavelength 3. 87 A. One wiggler will be a 11 
pole electromagnet with a magnetic field of 1.8T. This will provide radiation of 
critical wavelength 2.6 A and flux and brightness an order of magnitude higher than 
the bending magnets. The other will be a superconducting wavelength shifter with a 
peak field of 5 T. The critical wavelength of its radiation will be 0.9 A and this device 
will provide a good flux and brightness even up to much shorter wavelengths say 0.2 A. 
The spectral flux and brightness for these devices is plotted in figure 9. A coupling 
constant of 10% has been taken into consideration. When the coupling constant is 
lower, the brightness will be higher. It is possible to operate INDUS-2 at any energy 
between 700 MeV and 2 GeV. At lower energies, the emittance of the ring will be much 
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Figure 8. Lattice functions of INDUS-2. 
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5.1 INDUS- 1 and injector system 

In this section, we briefly discuss the basic features of magnets, RF system, vacuum 
system, controls, power supplies and beam diagnostics used in the microtron, synchrotron 
and INDUS-1. All the subsystems and components have been designed at CAT. While 
most of them have been fabricated at this centre, some of them have also been fabricated 
in other organizations in India including private industries. 

Dipole magnets of INDUS-1 are made of forged steel blocks and that of the microtron 
of carbon steel. All other dipoles, quadrupoles and sextupoles have been made from 
0.35 mm thick laminations of cold rolled grain oriented (CRGO) silicon steel. For septum 
magnets, O.lmm thick laminations of Ni-Fe alloy were used. Kicker magnets of the 
synchrotron and the storage ring INDUS-1 have been fabricated using different types of 
indigenously developed ferrites. For characterization of these magnets, a PC/CNC based 
magnetic field mapping system has been developed. 

Regulated power supplies have been made for dipoles, quadrupoles, sextupoles and 
steering magnets. In the storage ring, DC current regulated power supplies are used to 
energise the magnets to get stable constant magnetic fields. In the synchrotron, the 
magnetic fields of dipole, quadrupoles and steering magnets are varied with time following 
trapezoidal wave shape. The power supply used for the dipoles in the synchrotron provides 
a waveform in which the current increases from 20 A to 1000 A and due to inductive 
effects the overall voltage also increases from 6V to 1.6KV. The stability required for 
dipole and quadrupole power supplies is ~ 10~ 4 . Pulsed power supplies required for the 
septum and injection kicker magnets are voltage regulated and their currents are sine wave 
of half periods of few tens of microseconds with peak currents of hundred amperes 
repeating at 1 Hz. The extraction kicker power supply delivers a fast current pulse with a 
rise time of 45 nsec and a peak current of 800 A. 

Two RF cavities having an operating frequency of 31.613 MHz, one for the synchro- 
tron and the other for the storage ring INDUS-1, have been made. These are fed by two 
12kW RF power sources which mainly consists of a frequency synthesizer, a 200 W solid 
state driver amplifier and a power amplifier. Both the amplifiers have been built using 
indigenous components. The RF cavity of the microtron has an operating frequency of 
2856 MHz. Several such cavities were made to optimize the performance of the microtron. 

The vacuum .system has been designed to maintain a pressure less than 10~ 9 mbar in 
INDUS-1 and 10~ 7 mbar in the synchrotron, the transfer lines and the microtron. The 
vacuum pumps used in these accelerators include turbo molecular pumps (TMP), sputter 
ion pumps (SIP) and titanium sublimation pumps (TSP). All vacuum chambers are 
made of stainless steel. The vacuum chambers for dipole magnet sections of INDUS- 1 
have a box type design with two tangetial ports, one for tapping synchrotron radiation and 
other for a distributed ion pump. The chambers for the straight sections of INDUS-1 have 
been fabricated using SS tubes. For the synchrotron, to avoid magnetic field distortion 
due to eddy currents, SS, bellow type chambers with a wall thickness of 0.3 mm have 
been developed. There was no need to construct the vacuum chamber for the microtron. 
In this case, the beam chamber is formed by employing a suitable construction of magnet 



The design of the control system for these accelerators is based on a modular and 
distributed architecture. The control system is a distributed processor network comprising 
personal computers serving intelligent work stations and a number of microprocessor 
based device controllers dedicated to the task of data acquisition, monitoring and control. 
As for the beam diagnostic devices required for the operation of this facility, fluorescent 
light monitors and current transformers have also been developed at CAT. The beam 
position monitors have been developed in collaboration with BINP, Russia. A DCCT for 
DC current measurements was procured from Bergoz, France. 

A separate building has been constructed for INDUS- 1. This building will also house 
the radiation beamlines and their user laboratories. It has a floor area of 3700m 2 . The 
main hall housing INDUS- 1 and the synchrotron has a 10 MT capacity EOT crane with 
about 8 m clear headroom under the crane hook, while the rest of the area will provide 
4.5 m headroom. A low conductivity water plant has been installed in the north side of the 
building. RCC foundation have been provided for the installation of dipole magnets. The 
entire building is air conditioned to maintain a clean environment and stable temperature 
conditions (25 1C, 50% RH). 

5.2 INDUS-2 

The dipole magnets will be fabricated from low carbon steel having carbon less than 0.1% 
and all other impurities to the minimum possible levels. Since the magnets are to be 
ramped, the magnet core will comprise of several 40 mm thick plates stacked together with 
interplate insulation. Quadrupole and sextupole magnets will be made from laminations. 
The material for stamping is CRGO silicon steel of 0.35 mm thickness. Septum magnets 
will be laminated and will be made from nickel iron stampings, whereas kickers will be 
made of high frequency ferrites. 

The dipoles, quadrupoles, sextupoles and steering magnets will be energised by DC 
power supplies. The current of the power supplies will be slowly ramped as the energy of 
electrons is increased. INDUS-2 being a high brightness source, it requires a power 
supply with a stability of 5.10~ 5 for the dipole magnets and ~ 10~ 4 for the quadrupoles. 
The dipole power supply energising all the dipoles connected in series will provide a 
current of 900 A at 850V. Pulsed power supplies will be used for injection septa and 
kickers. The pulse shape for these will be half sine waves with a width of 200 u,s for the 
thick septum, 20 u,s for thin septum and 6 |j,s for kicker magnets. These pulsed power 
supplies will deliver currents of hundreds of amperes. 

The RP frequency chosen for INDUS-2 is 189.678MHz which is 6 times that of the 
synchrotron. However, we are in the process of changing the frequency to 505.4MHz in 
view of the easy availability of the RF devices and technical knowhow at this frequency. 
The design details of 505.4MHz RF system are being worked out. As regards the 
189 MHz system, most of the details are known and in this case three RF cavities one 
producing a gap voltage of 750 KV and each one of the other two producing 375 KV will 
be required to store a beam current of 300 mA. These cavities will be capable of deli vering 
90 KW power to the beam. 

A vacuum better than 10~ 9 mbar will be maintained in INDUS-2. The choice of 
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SIPs and TSPs for getting ultimate vacuum of the order of 10~ 10 mbar. Non-evaporable 
getter pumps are proposed to take care of the additional gas load due to synchrotron 
radiation. 

The control system for INDUS-2 will be similar to that of INDUS- 1. Control system 
architecture is a three layer system. The top layer consists of control room computers 
serving as user interface, operator consoles, file servers, data base managers and alarm 
computers. The middle layer consists of local process computers responsible to monitor 
and control various subsystems. The third layer is formed by equipment interface units 
(EIU). All these computers will be standard PC/AT 486 and Pentium with good graphics 
facilities. EIU will be realized by integrating different VME modules which will be 
developed in house. The computers are connected over two layers of network. The 
control system shall provide both audio and video communications. 

The beam diagnostics being planned will meet all the beam physics requirements 
during commissioning and during smooth operation of the ring. A number of diagnostic 
devices such as beam position monitors, a radio frequency knock out device, synchrotron 
light monitors, stripline monitors, fluorescent screens, wall current monitors, a DCCT 
will be included in the ring. 

A new building of about 12000 square meters is required to house accelerator systems 
of INDUS-2, its experimental beamlines and support laboratories. A 10 MT EOT crane 
will be installed inside the shielded ring. The open area, open to sky, is not accessible 
during accelerator operation. Adequate care has been taken in the structure to provide a 
high degree of stability for the components of the ring and experiments. The experimental 
hall is a polygon-near circular structure with a folded plate type roof. This hall provides 
about 18m wide column free space for both the experimental beamlines and accelerator 
subsystems. A low conductivity water plant is being set up in a building adjacent to 
INDUS-2 building. The temperature inside the building will be maintained at 25 1C. 



6. Beamlines 

6.1 INDUS- 1 beamlines 

INDUS- 1 storage ring has four bending magnets with a radius of 1 metre. Beamlines are 
drawn from only three bending magnets as the fourth bending magnet is close to the 
injection septum and the transport line. The beamlines which will be tapped from these 
three bending magnets [7] are shown in figure 10. The dipole magnet vacuum chamber has 
two ports, one at 10 degrees and other at 45 degrees. From each port two beamlines can be 
tapped and in all 9 beamlines can be laid down. 

The front end of the beamlines consists of a fast acting shutter of closing time of 
~ 5 msec and a pneumatically operated slow closing gate valve (closing time ~ 1 sec). In 
the initial stage it is proposed to operate two beamlines with one front end system. Thus 
three such front end systems are under construction. 

Although nine beamlines can be extracted from these three bending magnets, initially 
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Figure 11. Optical layout of metrology beamline on INDUS-1. 



University Grants Commission of India is building a beamline for the angle integrated 
photo emission beamline. The remaining five beamlines are being constructed by 
CAT/BARC. These beamlines are briefly described below: 

6.1.1 Metrology beamline: This is a toroidal grating monochromator based beamline 
with toroidal mirrors as pre- and post-focusing optical components. The wavelength 
range that will be covered by this monochromator by using three interchangeable gratings 
is from 40 A to 1000 A with a moderate resolution of ~ 500. This beamline will be a 
general purpose beamline and would have a reflectometer end station to check the 
reflectivity of optical elements like mirrors, multilayers components etc. The optical 
layout of this beamline is given in figure 11 [8], 

The reflectometer chamber is 700 mm in diameter and 510 mm in height. A goniometer 
is fixed into this on which specimen will be mounted. The detector will have a soft x-ray 
detector (photo diodes with end cap removed). The sample and the detector will be 
moved in 0-20 geometry. The spectrometer will be controlled through a computer. 

6.1.2 Photo physics beamline: This is a Seya Nomioka monochromator based beamline 
which will cover wavelength range from 150 3000 A. The pre-mirror is a toroidal mirror 
installed at a distance of 2.5 metres from the source point. The acceptance angle of the 
mirror is 45 mrad horizontal and 6 mrad vertical. The 1 metre SM monochromator was 
fabricated in house with a designed resolution of 0.5 A at 1000 A with 100 micron slit 
width. The post focusing mirror is again a toroidal mirror which focuses a monochro- 
matized beam of photon from the exit slit of the monochromator on to the sample in the 
sample chamber with an expected flux of 10 10 ph/sec. This beamline will be used for 
time resolved spectroscopy. 

6.1.3 VUV spectroscopy beamline: A 6.65 metre off axis Eagle mount spectrograph will 

as a mnnrrhrrvmatnr TTiP nrp.-nntir.<! rrvnsiets nf thrpp. rvlinHriral mirrnrc tr> frwiio 



otua. i\j auuuj' L&iia\,iuiy iiitntiiaia au auauijjuuu L.C..U WILH a mgju iciujjciaLuic luina^c is> 

planned. 

6.1.4 Photoelectron spectroscopy beamline: This is again a toroidal grating monochro- 
mator based beamline with toroidal mirrors as pre- and post-focusing optical elements. 
The monochromator has a focal length of 1414mm. The wave length that will be covered 
by this monochromator will be the same as that of the metrology beamline. The photo 
electron spectrometer has been designed to perform experiments both in the angle resolved 
and the angle integrated modes. The angle resolved energy analyser is a 100mm mean 
diameter hemispherical electrostatic analyser. This hemispherical analyser is coupled to a 
two axis goniometer placed in an ultra high vacuum chamber. The analyser can be rotated 
through 360 in both the planes, parallel and perpendicular to the sample. The rotation 
about either axis is independent of other. However in the actual set up the rotation in the 
parallel plane is restricted due to the presence of other hemispherical analyser to be used 
for the angle integrated photoemission spectrometry. The angle integrated analyser has 
been provided with an acceptance angle of 22.5 to facilitate collection of the photo 
electrons from the entire sample and with an expected resolution of lOOmeV at 50 eV 
band pass energy. The ultra high vacuum chamber of the spectrometer is also provided 
with an LEED /Auger apparatus, an ion gun for sample cleaning, a sample preparation 
chamber and a sample transfer mechanism. 

6.1.5 Photo absorption spectroscopy beamline: This beamline will be used to study L- 
edge absorption spectroscopy. The perfecting optics will be an elliptical mirror. A plane 
grating monochromator will be used as the dispensing element. The wavelength range 
that will be covered is from 20-1225 A. The resolution is aimed at ~ 1000. 



6.2 INDUS-2 beamlines 

In INDUS-2, four beamlines are planned hi the first phase. These beamlines are for 
experiments in EXAFS, trace element analysis, diffraction and magnetic circular dichroism 
(MCD). The EXAFS and trace element analysis beamlines will be built on bending 
magnets. The diffraction beamline will be built on a high field wiggler and MCD beamline 
will be built on an elliptical undulator whose specifications are yet to be finalized. 



7. Conclusion 

The microtron and synchrotron have been fully commissioned. Initial trials for circulating 
electron beam in INDUS- 1 in the absence of the injection kicker were successful. It is 
hoped that after installation of the kicker, it will be possible to store electrons in this ring 
and the ring will be available to users towards the end of 1998. Most of the INDUS- 1 
beamlines are ready to be installed on the ring. The development work on INDUS-2 is in 
full swing. The building is scheduled to be completed by 2000 and with the experience 
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Ion-molecule reactions at thermal energies 
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Abstract. Ion-molecule reactions is a generic word for reactions involving ions (both positive and 
negative), radicals and stable neutrals. In this presentation, use of the flowing afterglow technique to 
study ion-molecule reactions at thermal energies is demonstrated using the examples of positive 
ion-negative ion mutual neutralization of molecular nitrogen ion (Nj) with F~ and the reaction of 
atomic nitrogen with SF ( = 1 to 5) to form NF. 
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1. Introduction 

Ion-molecule reactions is a generic name used for the following type of reactions: 
Ion-molecule (neutral) reactions 

A + + B(BC) >A + BC + (B + ] + (C) 
>A* + BC + (B + } + (C) 



A + BC~ (B~) + (C) 
*A(AB)+BC(C}+e- 



Neutral (radical) reactions 

A + BC>AB + C 
A* + BC >A + BC 
*A + BC + 
>A + B + C. 

Mutual neutralization 



ana ions (botn positive ana negative) to understand tne mechanism and dynamics [ij, 
energy transfer, electron transfer, to test quantum mechanical theories developed for 
reactive and non-reactive scattering, understanding ion-molecule reactions using 
molecular orbital picture, etc. These reactions occur at thermal energies in various kinds 
of plasmas, planetary atmosphere, comets, gas lasers, combustion, gaseous dielectrics [2] 
and dry etch reactors [3]. With the increasing awareness of the environmental pollution 
that is caused by many gases that are currently in use [4] and gaseous effluents, it 
becomes necessary to investigate the possible reaction channels not only for the known 
reactive species but also involving others, at thermal energies, for practical applications. 
In a recent special issue of the International Journal of Mass Spectrometry and Ion 
Processes [5], various methods used to study neutral-neutral, ion-molecule, electron-ion 
recombination and ion-ion mutual neutralization reactions have been described with 
some recent results indicating the importance of these reactions at thermal energies. 

In this presentation the use of the flowing after glow technique to produce radicals, 
ions, etc. and perform collision experiments at thermal energies, along with the necessary 
detection techniques for identifying the products and their final states will be discussed. 

Ion-ion mutual neutralization of N^" with F~ is chosen as an example to demonstrate 
the different product states (electronic and vibration) of the neutrals that are formed when 
the positive ion is in its ground state and excited state. The dynamics of the electron 
transfer in the collision will also be analysed [6]. Also, the interaction of N with SF M 
(n = 1 5) will be discussed as an example of neutral-neutral collisions. The formation 
of the products can be understood based on both energy and symmetry considerations [7]. 

2. Experimental 

Though there are many methods, including beam methods [8], available to study ion- 
molecule reactions at thermal energies the flowing afterglow method [9] is used by 
several groups because of its simplicity. It is well known that in an electrical discharge 
ions, radicals and excited species are produced mainly by electron impact and also 
through ion-molecule reactions and this can be exploited to produce ions or radicals of 
interest. These ions or radicals can easily be transported to the interaction region using 
fast flowing helium carrier gas so that the intensity of electrons and other unwanted 
species have died down, and mainly the species of interest is present. The reactant is 
added suitably at this point and the products formed are detected using a mass 
spectrometer, fluorescence or laser excitation methods. The apparatus used in our 
laboratory is shown in figure 1. Ions of interest are produced in a quartz discharge tube 
and pulled into the stainless steel observation region rapidly by a combination of a roots 
blower and a rotary mechanical pump with a total effective speed of 10,000 1/m. An 
absolute MKS Baratron is used to measure the pressure in the reaction chamber. The 
discharge is powered by a 2.45 GHz microwave generator and fed into an Evanston cavity 
enclosing the discharge tube. Helium is used as the buffer gas to help easy transportation 
of the ions into the observation region with little loss. A pair of grids, positioned at the 
exit of the discharge tube, which can be biased appropriately act as an ion shutter to stop 
either positive or negative ions. The grids are so biased that ions enter the observation 
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Figure 1. Schematic view of the flow reactor set up. 
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Fluorescence from the reaction products is monitored through a quartz window and 
focused on to the entrance slit of a 0.2 m Seya-Namioka monochromator and detected by 
a cooled photomultiplier (Hamamatsu R376) operating in the photon counting mode. A 
cutoff filter with 96% transmission efficiency above 400 nm is utilized to suppress the 
interference of second order lines from the UV region. A PC based multi-channel sealer is 
employed for data acquisition. A tungsten-halogen lamp is used to determine the 
response of the detection system as a function of the wavelength. All the data presented 
here have been corrected for the system response. The fluorescence from the interaction 
region showed a decrease in the intensity when the grids were biased to stop either the 
positive or the negative ions. The contribution to the fluorescence signal from the reaction 
of charge particles is elucidated by subtracting the spectrum recorded with the bias on (no 
contribution from the interaction of charged particles but only from neutral reactions and 
other sources) from the spectrum when both the grids were maintained at earth potential 
(signal from the reaction involving charged particles and from neutral reactions and other 
sources). 

99.99% pure nitrogen, 99.995% pure helium, >99.9% pure sulphur hexafluoride, and 
laser grade fluorine in 99.998% pure helium mixture were used without further 
purification for the experiments. 

The setup was suitably modified to work with radicals. Atomic nitrogen was produced 
by a DC discharge 60 cm upstream from the interaction zone and a larger diameter tube 
(40 mm) was used to transport the radicals to the interaction zone. This was necessary to 
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interaction region with very little loss. Atomic nitrogen and SF n (n = 1 to 5) radicals 
were mixed in the main flow tube and the observation region was located 20mm 
downstream of the mixing zone. 

Spectrum in the range 200 to 800 nm was recorded for pure nitrogen discharge at 
several pressures and currents and monochromator resolution to monitor the presence of 
any impurities. SFg was then added through the second discharge tube without .the 
discharge being on and, with and without helium buffer to check for any reactions and/or 
quenching of the N2 spectrum. Spectrum was recorded to look for metastable fluo- 
rescence from SFe discharge products separately with nitrogen flow completely shut off. 
Nitrogen and SF$ were mixed together prior to the discharge and an afterglow spectrum 
was recorded to ascertain all the lines in the spectrum. This procedure helped to identify 
clearly that the product NF was produced only due to the reaction of atomic nitrogen with 
the discharge products of SFe. 



3. Results and discussion 

3.1 Ion-ion mutual neutralization 

Background counts in the afterglow region of the helium discharge were below the 
detection limit of the photomultiplier tube between 200-800 nm for the pressure range 
0.06-0.07 Torr and 10 to 40 W of microwave power. The addition of 0.0101 Torr of 
nitrogen to the discharge produces a weak afterglow spectrum of NI (B 3 TL g > A 3 +) 
indicating the population of lower vibrational levels of the S-state. The grids were biased 
to stop positive ions and electrons one at a time to check the possibility of electron-ion 
recombination which could produce either N2 or N in an excited state. Under the present 
experimental conditions no discernible change in the intensity of N| or additional 
emission lines from N* could be observed. The electrons most likely diffuse towards the 
walls by the time the ions travel from the discharge to the observation region [10, 11] 
which gives the electron-ion recombination reaction little probability to be detectable. 

A large increase in the intensity of the N2 (B 3 U g > A 3 S+) fluorescence is observed 

when small quantities of p2 is added to the discharge. It may be mentioned that extreme 

care must be taken in handling fluorine. The addition of small quantities of fluorine to the 

helium buffer was found to quench the discharge completely. It was necessary to use 5% 

fluorine in helium mixture and non-corrosive passivated gas lines to ensure that fluorine 

was not contaminated during injection into the discharge. 0.003-0.0045 Torr of F 2 in 

helium mixture was added to the discharge to produce an ion-ion plasma. The emission 

from the high vibrational levels of the 5-state shows a systematic decrease by an equal 

amount in the intensity when the grids are biased either to stop positive ions or negative 

ions. This indicates that the change in intensity most probably arises due to the interaction 

between positively and negatively charged particles. Under the conditions of the 

experiment, it can be assumed with reasonable confidence that an ion-ion plasma exists 

in the interaction region [10, 11]. The helium buffer pressure was varied from 0.04 to 

0.09 Torr to check for any influence of the buffer gas on the observed vibrational 
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Figure 2. Comparison of the population of the Na(#) vibrational levels resulting 
from neutral recombination (N + N > N2(jB)) in a N2+He afterglow, theoretical 
distribution calculated using the Franck-Condon overlap as described in the text, and 
experimentally observed distributions when p2 is added to the discharge. 



population distribution of N2(5). No measurable change could be noticed in the intensity 
of the spectral lines populating the N 2 (5) via the positive ion-negative ion neutralization 
(PININ) processes. 

The population of the vibrational levels of the product N2(B) state formed by the 
positive ion-negative ion neutralization reaction 



Nj + negative ion 



+ neutral 



(1) 



is calculated by appropriately weighting the intensity of each line by its Franck-Condon 
factor [12]. The relative population distribution of the vibrational levels derived from the 
above experiments are normalized at v' = 5 and presented in figure 2. 
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higher vibrational states of the product in a PININ reaction. 

In the PININ process the electron from the negative ion is expected to hop to the 
positive ion when the incoming ionic potential energy surface goes through an avoided 
curve crossing with the outgoing repulsive covalent potential surface corresponding to the 
product state of the two neutrals [13, 14]. The electronic configuration of N^(X 2 S+) is 
la 2 lal la 1 2^ l7rj 3cr\ and that of F~( 1 S} is Is 2 2s 2 2p 5 . Simplified symmetry 
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Figure 3. Symmetry adapted linear combination of orbitals for (a) ( 2 A) Nj F~ 
incoming channel correlating with (b) ( 2 A) N 2 ( 3 TL g or l TLg)-F( 2 P) outgoing channels; 
(c) the (A) N 2 ( ! +)-F( 2 P) outgoing channel; and (d) not correlating with the ( 2 5) 
N 2 ( ] E+)-F( 2 P) outgoing channel. 



considerations have been used to derive orbital energy diagrams shown in figure 3 for the 
intermediate states possible in the PININ process. 
For the neutralization reaction, the 2p x , 2p y or 2p z electron from F" must fill the first 
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containing the unpaired electron, giving a 2 A state of the N2-F intermediate. Considera- 
tions of the orbital diagrams suggest that the interaction between F( 2 P) and N2(B 3 IL 8 or 
a l TL g } may give rise to the same state of the N2 F intermediate ( 2 A). This indicates 
that N 2 F can dissociate to give N 2 either in an excited 3 II g (or ] U g ) or in the ground 
state ! S+ and F( 2 P). The interaction between N 2 (X ! S+) and F( 2 P) gives rise to a 2 B 
state of the intermediate which, however, is not correlated with the N2-/ 7 ( 2 A) formed 
from N}(X 2 S+) and F~( 1 5). This makes the formation of N 2 ( 1 S+) from Nj +F~ a 
low probability PININ process. Rearrangement of the electrons is necessary for the 
formation of N 2 (C 3 II M ) (Icr 2 , Icr 2 , 2c^ 1a\ ITT* 3<^ l7rj) by mutual neutralization. 
Therefore, this channel is likely to have a low cross section and has not been detected 
during the course of these experiments. Nj ions are formed in the discharge mainly by 
electron impact and to a certain extent by Penning ionization from helium metastables. 
Penning ionization of N 2 by He* produces Nj both in the ground state as well as excited 
states [15]. As no fluorescence from the excited Nj is detectable in the observation 
region it can be safely assumed that only N% ions in their ground state interact with the 
negative ions. 

As the PININ process occurs in most cases at large internuclear separation between the 
positive and negative ions the Born-Oppenheimer approximation is valid [16-18]. 
Therefore the population of the final levels of the product state is expected to be 
determined by the Franck-Condon overlap between the potential energy surface corres- 
ponding to the electronic state of the positive ion and that of the neutral product. The 
Franck-Condon overlap for the transitions from NjCX" 2 E+) to N 2 (5 3 H 5 ) and N 2 (a l li g ) 
were calculated using the code 'level' (ver. 5.1) [19] assuming that the vibrational 
distribution of the Njpf 2 !!*) state is governed by the Franck-Condon factors for 
ionization from the ground state of the N 2 molecule. This appears to be a reasonably valid 
approximation as Nj ions are produced mainly by electron impact in the discharge and to 
a certain extent by Penning ionization. In both cases [19, 20] the Franck-Condon principle 
is valid for the ionization of N 2 . The Franck-Condon overlap calculations, however, 
predict that the maximum population for both N 2 (5) and N 2 (a) is at v' 1 and then 
smoothly decreases as a function of if (see figure 2). The N 2 (a > X) fluorescence could 
not be monitored as it is in the vacuum ultraviolet range. The relative population 
distribution, as determined experimentally, appears to follow the Franck-Condon 
distribution for the B 3 II g state from v' = 2-5 but shows an additional preference for 
higher vibrational levels from v' = 6-9 with a maximum at v' = 7 for the PININ reaction 
with F~ and Fj. Such preferences are known to exist in energy transfer to N 2 from 
Kr( 3 ?2) [21] due to avoided curve crossings. 

Using similar empirical considerations [21] to achieve a quantitative characterization 
of the surfaces in the crossing region for the N2-F system, as needed for the accurate 
treatment of the dynamics, the entrance channel is modeled as an ionic surface by an 
extension of the Rittner model for alkali halides [22-25], accounting for specific 
electrostatic properties induced by F~ [26] and Nt [27, 28] and assuming that N^" is in its 
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Figure 4. Comparison of the relative cross sections, for the N^ + F reaction, as a 
function of the vibrational levels v of the product ^(5), at a collision energy of 
50 meV. The calculated cross sections for the various exit channels are normalized to 
v = 7 and compared with the experimental results. 



included, to cover the range experimentally relevant. As will be seen, in view of the 
relatively large distances where the corresponding crossings occur, the molecular 
anisotropy will manifest itself as a minor effect on the dynamics. Along the same line, we 
can also justify the neglect of electronic anisotropy of the fluorine atom in the exit 
channel, for which a single electronic surface is considered. 

Figure 4 shows a comparison between the distributions calculated for the reaction 
> N2(fi) + F at the most probable collision energy, which is estimated to be ~ 50meV, 
and the experimentally measured distributions. Calculations were carried out at three 
different energies 25, 50 and 75 meV. It was found that the vibrational population distri- 
bution of N2(5) varied very little with the collision energy in this range. 

The similarity of calculated distributions at the three energies shown, proves that 
averaging over thermal distribution does not alter the over-all picture. It is observed that 
overall difference between the calculated and observed distributions is reasonably good. 
The difference between the calculated and the experimental distributions are not surpris- 
ing, considering that possibility of higher vibrational levels being populated and other 
possible alternative processes occurring in the discharges (see the extensive discussion in 
ref. [6]) have been neglected. 

It can be inferred that, such a propensity appears as a balance of two trends: (i) 
according to Franck-Condon factors, the level v = 1 should be favored and the propen- 
sity should decrease for high v; (ii) on the contrary, as far as the role of dynamics 
is concerned, since crossings of higher v levels occur at larger distances, the propen- 
sity should be in favor of the high v and decrease as a function of the vibrational 
quantum number of the outgoing channel. This results in the peaking of the population 
of the vibrational levels of N 2 (5) product at v = l, formed by the N^ + F~ PENTN 
reaction. 
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done at total pressures gf 0.06 to O.lTorr and 0.35 to 0.5Torr for discharge currents of 
15mA each, fed by DC power supplies working in the constant current mode. Partial 
pressures of N2 and He 4- SFe were kept equal and the SFg content was 5% of the total 
pressure. The interaction region was scanned for the fluorescence from metastable N 2 (A) 
state as well as from reaction products. It was noticed that for low pressure discharges the 
characteristic 530 nm radiation emanating from the NF(b 1 E + > X 3 S~ ) transition was not 
observed, although fairly intense N 2 (A 3 S+ >X 1 S+) bands were recorded. This strongly 
suggested that any reaction of N 2 (A) with SF n (n = I to 5) or F did not result in NF(&). The 
530 nm NF(b > X) radiation was observed when the discharge products of N 2 and SFe 
were mixed at total pressures more than 0.35 Torr. Both the discharges were switched off 
one at a time to make sure that the observed product spectrum was solely due to the 
interaction of the products produced by the two discharges. SF n (where n < 5) and F, are 
known to be formed in sufficient numbers in SFg discharges. 

He + SFe discharge products cannot react with N 2 to produce NF as the dissociation 
energy of N 2 is too high (9.76 eV). Also, experiments conducted at low pressures when 
N 2 (5) was present in the interaction region did not reveal the presence of NF(b). N 2 (A) 
cannot interact with atomic fluorine to produce NF as the reaction is expected to be 
endothermic by at least 0.8 eV, if the heat of formation (A#f) of NF is taken to be 
2.384 eV as recommended by Wategaonkar et al [31]. 

The NF(X) product could be probed by the excitation transfer process [32] 

N 2 (A) + NFpQ -+ N 2 (X) + N(b}. (2) 

It has been mentioned earlier in this presentation that N 2 (A) has been detected in 
sufficiently large intensities in the interaction zone at lower, as well as, higher pressures. 
At low pressures, probability for the two-step process, i.e. the formation of NF(X) and 
excitation to NF(&) by energy transfer from N 2 (A) is likely to be small and therefore 
could not be detected. At higher pressures, the collision probability increases enabling the 
detection of NF via the energy transfer process. 
Formation of NF through 

N + F + M-^NF + M, (3) 

where M is a third body (or wall), is likely to have a low cross section. For instance, no 
NF(b X) fluorescence was observed from the interaction region even though atomic 
fluorine was present [7]. Atomic N( 2 D > 4 5) radiation was not observed indicating its 
absence in the reaction region because of the distance between the discharge and the 
observation points. Interaction of the excited states of atomic nitrogen with the discharge 
products of SPg to produce NF may not be considered under the experimental conditions. 
Other processes like 

N + ( 3 P) + F~( 1 5')->NF( 1 E + ) or NF( 3 S~) (4) 

need not be considered as well, as the Wigner spin rule does not allow the mutual recom- 
bination reaction. Also, because of various crossings with repulsive potential energy 
curves it has a tendency to dissociate rather than form a bound NF state. 
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SF rt (n = 1 to 5) and F are produced by electron impact dissociation, ion-molecule reac- 
tions and neutral-neutral reactions in corona [4, 33], RF [34-36] and other type of SF6 
discharges. SF 4 , SF 2 and F have been detected outside the discharge region in corona 
(pressures of 1 bar and above) [4,33], RF (a few Torr) [36] and DC [37] discharges in 
pure SFg and mixtures with C>2, N 2 and Ne because of their relatively higher stability 
compared to SF 5 and SF 3 . By using a dilute mixture of SF 6 in helium, it helps in not only 
reducing the neutral neutral reactions in which SFs and SF.^ are destroyed but also in 
quickly transporting them to the interaction region so that the reactions which occur in the 
discharge zone can be studied easily with less interference from other competing 
reactions. The following reactions of atomic nitrogen with the SFg discharge products are 
considered based on the heats of formation given by Herron [38], symmetry and structure 
of SF n (n = 1 to 5) by Ziegler and Gustev [39] and for SF 6 by Herzberg [40]. 

N( 4 S 3/2 ) + SF( 2 n) -> NF(X 3 S~ ) 4- S( 3 P 2 ) - 0.229 eV, (5) 

N( 4 S 3/2 ) + SF 2 ( ] A, ) - NF(X 3 S~) + SF( 2 n) - 0.839 eV, (6) 

N( 4 5 1 3/2 ) + SF 3 ( 2 fli) -> NF(X 3 S~) + SF 2 (%) + 0.518eV, (7) 

N( 4 S 3/2 ) + SF 4 ( 1 A l ) - NF(X 3 ~) + SF 3 ( 2 J B 1 ) - 0.344eV, (8) 

N( 4 S 3/2 ) + SF 5 ( 2 Ai ) -> NF(X 3 S~) + SF 4 (%) + 0.958 eV, (9) 

N( 4 S 3/2 ) + SF 6 ( 1 A U .) -> NF(X 3 -) + SF 5 ( 2 Ai) - 0.685 eV. (10) 



Energetics allow reactions (7) and (9) to proceed and not (5), (6), (8) and (10). 

Production of NF by the interaction of N 2 (5 *TL g , v' = 0) with SF n (n = 1 to 6) is not 
possible as the reactions are endothermic at room temperature. However, the following 
reactions involving vibrationally excited N 2 (5) 



' > 10) + SF 3 >NF(X) + SF 2 + #, (11) 

N 2 (jM>7)+SF 5 NF(X)+SF 4 + #, (12) 

are energetically allowed. It has been observed from our low pressure experiments that 
though SFe does not quench the N 2 (S) state, but the dissociation products of SFe do 
quench the N 2 (5). If NF could be formed through reactions (11) and (12) then the 
intensity of the observed N 2 (Z? A) lines corresponding to v f > 7 should be much lower 
than for if < 6, as the NF formation channel opens up. This is however not the case and 
the quenching cross section is the same for all v' = 2 to 11. Hence, the reactions (11) and 
(12) appear to have very small cross section values. 

S 2 F 10 , which is formed by the combination of two SFs molecules [41], cannot react 
with molecular nitrogen, its excited states or atomic nitrogen to produce NF as they are 
not allowed solely on the basis of energy considerations. Small amounts of water vapor or 
addition of oxygen to SF 6 in discharges produce SOF 4 , SOF 2 and SOF [4, 7, 36, 37, 42, 
43]. The change in the NF(b ~> X) fluorescence was not perceptible when traces of 
oxygen were added separately to N 2 and SFe discharges. Interaction of atomic nitrogen 
with these snecies favors the formation of NO while the NF channel is ruled out as it is 



(i) The rate constant for the production of SFs by electron impact dissociation and 
dissociative ionization is more compared to that of SF 3 [4, 5,41]. In addition, SFs is 
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(b) NF - SF 2 in C 2v geometry; (c) correlation (or lack thereof) of the orbitals 
between ground states of reactants and products. 



SF6-+SF5 + SF+. (13) 

(ii) The exoergicity of reaction (9) is larger than that of reaction (7). This means that 
there are more product states available in the case of the former than in the latter. 
Also, the product SF4 would have inherently larger density of states than SF2- 
Therefore, statistically [44] reaction (9) would be more preferred. 
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are quite involved, we nave restricted ourselves to a preliminary investigation 01 me 
symmetry elements concerned. Using the orbital energy diagrams given by Ziegler and 
Gustev [39] for the valence electrons of SF n (n I to 5), we have constructed the sche- 
matic orbital energy diagrams for NSFs and NSF 5 systems in C 2i; geometry in figures 5 and 
6 respectively. 

In figure 5(a) we show the linear combination of orbitals of N and SF 3 in C 2lJ geometry. 
Only one of the three p orbitals of N would interact with the b\ orbital of SFs. The bi and 
a\ are likely to remain unaffected and thus degenerate, except for a possible interaction of 
a\ with the lower lying a\ orbital. Similarly, in the case of NF-SF 2 interaction shown in 
figure 5(b), the b\ orbitals of NF and SF 2 would combine readily while the bi and a\ 
would remain unaffected. This would imply that NF- -SF 2 would be a singlet. In the case 
of N + SFs, depending upon the a\ and bi orbitals being degenerate or not, the lowest 
electronic state would be a triplet or a singlet respectively. As shown in figure 5(c), if the 
ground state of the reactants is a triplet it would not correlate with the ground state of 
the products. If the former is a singlet with a\ being lower in energy than > 2 > once again 
the ground state of the reactants and that of the products would not correlate. Only if the 
bi orbital is lower in energy than the a\ will the ground state of NSFs be correlated with 
the ground state of NFSF 2 . 

Using similar arguments, one can show that the highest occupied molecular orbitals are 
most likely a degenerate pair of b\ and 6 2 orbitals for N FSF 4 as well as NF SF4 as 
illustrated in figures 6(a) and (b) respectively. This would mean that we are dealing with a 
triplet state for the reactants and a triplet state for the products and that both of them 
correlate with each other as illustrated in figure 6(c). 

Though the above arguments are tentative, in the sense that, concerted reactions in C 2v 
geometries are assumed and have also relied on the qualitative MO picture, it is 
reasonable to consider that the formation of NF through N + SFs, is the most likely 
dominant channel. 



4. Conclusion 

The population of the higher vibrational levels of N 2 produced by PININ, which 
seems to be different from that predicted by the Franck-Condon overlap. This can be 
attributed to the avoided curve crossing of the Nj - F~ potential energy surface with 
the N 2 (S)-F hypersurface and the dynamics. To the best of our knowledge, this is 
the first observation of such a behavior in a mutual neutralization reaction. More experi- 
ments as well as theoretical calculations are necessary to completely understand 
the interaction of the negative ions with molecular ions and the dynamics of electron 
transfer. 

Energy transfer from N 2 (j4) has been utilized successfully to detect the ground state 
reaction product NF arising from N 2 4- SF 6 discharges. It is argued that the most likely 
channel for the production of NF is the reaction between N and SFs. 
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Abstract. The power and beauty of energy- and angle-resolved two-electron emission in the 
double photoionization of atoms is demonstrated, concentrating on the particular shapes of the 
angular correlation patterns of the triple differential cross section. The cases selected are direct 
double photoionization in helium and neon as well as sequential double photoionization in xenon, 
both for equal and unequal energies of the emitted electrons. 
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1. Introduction 

In double photoionization one photon interacts with an atom leading to the emission of two 
electrons, (7, 2e). Contrary to the well established related (e, 2e) experiments, energy- and 
angle-resolved (7, 2e) experiments became feasible only in the last few years [1-3], 
mainly for two reasons; for double photoionization the cross section is extremely low, and 
one needs monochromatized synchrotron radiation which is limited in its availability. 

Selecting specific examples, the power and beauty of energy- and angle-resolved 
(7, 2e) experiments will be demonstrated. The power comes from the fact that such 
measurements provide (except for a spin analysis of the emitted electrons) complete infor- 
mation on photon-induced double ionization. This enables detailed studies of aspects as 
(i) the break-up of three particles which are subject to their mutual Coulomb interactions, 
(ii) parametrizations which completely describe the process, (iii) dependences of the 
observables on atomic structure, energies and directions of the emitted electrons under 
different light polarizations, and (iv) different mechanisms leading to double ionization: 
the direct process with the simultaneous emission of two photoelectrons, the two-step 
process with photoelectron and subsequent. Auger electron emission, or the resonance- 
affected double photoionization which lies between these two limiting cases. 

The beauty of the experiments lies in the stimulating interplay between state-of-the-art 
experiments and theoretical formulations, and in the attractive presentation of the results. 
Essential points in this context are the simplicity and the study of a cross section which is 
highly differential. The simplicity comes from the initial channel which consists of a 
ground-state atom and a single photon with known interaction operator. The cross section 
is a triple differential cross section (TDCS), being differential with respect to the solid 
angles dl\ and df^ into which electron emission occurs and in the energy interval d for 
the energies E\ and EI of the electrons which are connected by energy conservation 



double ionization energy j ++ ). Both points ensure that the role of electron correlations 
and the influence of symmetry requirements on the electron-pair wave function in the 
continuum become directly visible in the observed results. A rather illustrative way to 
present these observations are TDCS (kj , k2) patterns. These describe the angular correla- 
tion between both electrons where the momentum ki of one electron is preselected 
and kept fixed, and the angle-dependent intensity of the coincident other electron with 
momentum k2 is shown in a polar plot. 

There exist many possibilities to study TDCS patterns experimentally [4]; a new 
and extremely powerful method is cold target recoil-ion momentum spectroscopy 
(COLTRJMS) with coincident detection of one of the electrons which allows the extrac- 
tion of the full double photoionization kinematics [5]. In this review, however, examples 
are given for experiments in which the momenta ki and k2 are measured directly by 
electron spectrometry. For example, in our set-up [6] two cylindrical mirror analysers 
(CMA) are mounted in the xy-plane perpendicular to the photon beam which propagates 
in z-direction ('perpendicular plane geometry'). One CMA (with a lens at its entrance) 
selects electrons of energy E\ and momentum ki and is positioned at a fixed direction 
with respect to the electric field vector of the incident light. The other spectrometer, a 
double-sector CMA which selects electrons of energy 2 and momentum k2 can be 
rotated around the photon beam axis. The double-sector CMA makes it possible to 
simultaneously collect data at two distinct angles ki. 

In the following basic aspects and general features of the TDCS patterns will be 
discussed for the fundamental process of double photoionization in helium, for direct 
double photoionization in neon, and for two-step double photoionization in xenon, 
distinguishing for the latter the two cases of unequal and equal electron energies. 



2. Direct double photoionization in helium 

TDCS studies of helium are unique, because direct double photoionization is not per- 
turbed by other competing processes, and the final state consists of three bare charged 
particles. This makes helium the ideal test case for the theoretical treatment of the three- 
particle break-up Coulomb problem. As a result of many investigations it can be con- 
cluded that only approaches which properly take into account this electron correlation in 
the final continuum state are able to describe the observed TDCS patterns. For these cases 
one can note two observations [7]: First, if the shapes of TDCS patterns for equal 
electron energies are considered, good agreement between theoretical and experimental 
data is found, but discrepancies exist for unequal electron energies. Second, if absolute 
TDCS values are considered, larger differences are found in different theoretical treat- 
ments. The only reported experimental determination of absolute TDCS values at 20 eV 
excess energy appears to be too small by a factor of two and to be inconsistent with the 
observed integral cross section [6,7]. (The theoretical result of the most elaborate and 
sophisticated calculation [8] is consistent with the observed integral cross section.) Out of 
the plethora of TDCS studies in helium one example for equal and unequal electron 





Figure 1. TDCS patterns for direct double photoionization in helium with 
E\ =Ei lOeV. For details see text; experimental and theoretical data are from 
[9] and [8, 10-12], respectively; compare also [17]. 



and to photoionization by partially linearly polarized light (S\ = 0.55; S\ is the Stokes 
parameter which describes the relative excess of linear polarization along x-direction 
against linear polarization along y-direction; for details on the treatment of polarization in 
TDCS patterns see [13]). Good agreement can be noted between the experimental data 
(points with error bars) and several theoretical results scaled to the experimental values: 
the full curve (velocity form results of [10]) comes from a 3C calculation (the final-state 
wave function is approximated by a product of 3 Coulomb continuum wave function 
[14]), the broken curve (velocity form results of [8]) from a 2SC calculation (the final- 
state wave function is replaced by a product of two screened Coulomb functions [15] 
employing effective charges [16]), the dotted-dashed curve from a calculation of the wave 
packet propagation along the Wannier ridge [12]. 

Both the experimental and theoretical data in figure 1 reflect the following charac- 
teristic properties of the TDCS pattern: (i) Electron emission in opposite direction is 
prohibited. This is a purely quantum mechanical effect and arises from conditions 
imposed onto the electron pair wave function in the continuum with 1 P symmetry due to 
electron exchange ('unfavoured' character [18, 19]). This result is reflected also in the 
angular factor, see eq. (1) below, and in specific selection rules [10,20]. (ii) Electron 
emission into the same direction is prohibited. This is a direct consequence of the corre- 
lated motion of the electrons and can be understood classically; electrons emitted with 
equal energies are prevented by their mutual Coulomb repulsion from traveling along the 
same trajectory, (iii) If one of the electrons is observed parallel to the major axis of 
the polarization ellipse (x-axis) of the incident light, the data in the upper half-plane are 
the mirror image of those in the lower half-plane (for completely linearly polarized light, 
S\ = 1, rotational symmetry around the x-axis would exist). 

In the context of helium TDCS (E\ = EI = e xc/2) patterns it is important to note that 
these patterns can be parametrized in a simple, yet exact form. Selecting the case of 
linearly polarized light one has [18] 
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Figure 2. Correlation factor C( 1 , 2) for direct double photoionization in helium with 
E\Ei = 10 eV, experimental values and Gaussian function with 0f W h m = 91. For 
details see text, from [22]. 

a is a constant of proportionality and describes the strength of the process, (cos Q\ + cos 62} 
is an angular factor with 0/ being the angle of electron emission against the electric field 
vector (x-axis). For 9 2 = 180 - 9\ and 9\ 62 ~ 90 it leads to the two selection rules 
which prohibit electron emission in opposite directions and perpendicular to the electric 
field vector, respectively. C(l,2) is the correlation factor (Sommerfeld factor) and 
reflects the Coulomb repulsion between the electrons. Its characteristic properties are 
C(ki = ka) = and C(ki = k 2 ) = 1. Frequently this correlation factor is approxi- 
mated by a Gaussian function in the relative angle #12, peaked at ki = k 2 , with a 
characteristic full-width-at-half -maximum value, (9f w hm, and with C(ki = k 2 ) = small 
(for the derivation see [21]) 



exp(-41n2(180 - 



(2) 



The quality of this approximation can be seen in figure 2 where experimental data (points 
with error bars) for the correlation factor of the TDCS patterns in figure 1 are in good 
agreement with the prediction from the Gaussian function of eq. (2), using #f w hm =91. 
The value of this dynamical parameter is in agreement with theoretical predictions 
made within the extended Wannier ridge model [23]. With information on C(l,2) and 
(cos &\ + cos #2) it is now possible to plot for any angle settings, whether in the perpen- 
dicular plane geometry or not, the shapes of particular TDCS patterns (see examples in 
[4,10,17,18]). 
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different electron velocities reduce the interaction time for Coulomb repulsion. Since the 
present example was obtained for completely linearly polarized light and the electron 
spectrometer at fixed direction is aligned with the electric field vector, the TDCS pattern 
has rotational symmetry around the x-axis. Within the experimental uncertainties and after 
adaption by an overall scaling factor the theoretical predictions from the 3C calculation 
(full curve, velocity form results [25]) and the 2SC calculation (broken curve, velocity 
form results [8]) are in good agreement with the experimental values. (For a treatment of 
unequal energies using wave packet propagation along the Wannier ridge see [26].) 

It is also possible to describe a helium TDCS pattern with different electron energies 
by a simple and correct parametrization. For linearly polarized light one has [18] 



+ cos# 2 ) 
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where the energy- and ^-dependent amplitudes a & and a u reflect the symmetry properties 
against energy exchange, a s is a gerade function, i.e., a g (E\,E2\Q\2) = +ag(Ez,E\;Q\2), 
and a u is an ungerade function, i.e., a u (Ei,E2] #12) = #u( I 2 ) i; On)- Hence, for equal 
energies a u vanishes and eq. (3) reduces to eq. (1) with a 2 g being the product of the constant 
a and the correlation factor C(l, 2). For unequal energies the nonvanshing portions of the 
real and imaginary part of a u , together with the specific angular factor (cos 9\ cos #2) 
then determine the TDCS shape. Equation (3) allows three particular observations to be 




Figure 3. TDCS patterns for direct double photoionization in helium with 
EI = 5eV, E^ = 47.9 eV, part (a), and E l = 47.9 eV, E 2 = 5eV, part (b). For details 
see text; experimental and theoretical data are from [24] and [8, 25], respectively. 
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made. First, there exist two complementary TDCS patterns with different shapes. They 
belong to interchanged energies of the electrons 1 and 2 (1 is the electron detected in the 
fixed spectrometer, 2 is the electron detected in the variable spectrometer). Both patterns 
are related to each other by simply changing in eq. (3) the sign of a u . For the example in 
figure 3(a) the complementary TDCS pattern is shown in part (b) of this figure. Second, a 
continuous change in the E\{E-i ratio can lead to rather different shapes of the TDCS 
patterns (see figure 3); the intermediate case with E\ = E 2 = E^ c /2 looks rather similar 
to the pattern in figure l(a). Therefore, the evolution of such patterns by changing the 
E\ jEi ratio can provide a critical test for the quality of different theoretical approaches 
(see [7]). Third, Wannier theory predicts that for excess energies approaching zero the a g 
amplitude will dominate the a u amplitude and a g becomes insensitive to the E\ jEi ratio 
[19,27,28]. Therefore, differences in the complementary patterns vanish and they look 
similar to TDCS (E\ = 2 = exc/2) patterns. Experimental confirmation has been given 
for excess energies of 4.0 eV [28] and 0.6 eV [29], as well as by the interpretation of 
COLTRIMS data at 1 eV [5, 17]. 



3. Direct double photoionization in neon 

For double photoionization in helium the dipole selection rules require the electron-pair 
wave function in the continuum to couple to a final 1 P state. For rare gas atoms heavier 
than helium, the remaining np 4 electrons in the final ionic state can couple to form l S e , 2 P e 
and l D e states, so that different LSJ-coupled continuum channels are possible. (For a study 
on 3s3/? 5 1 p i 3 p fmal ionic states in argon see [30].) Since, within LSI-coupling, the 
complete final state must be ] P, the LSII-terms of the continuum function are } P for the 
np 4 'S* ion, 3 P and 3 Z) for the np 43 /* ion, and 1 P, 1 D and 1 F for the np 4 l D e ion. 
There is particular interest associated with each of these cases: For 2p 4 l S e the continuum 
function is ] P, as in helium, but because of different orbital angular momenta in the initial 
states, /,- for helium and /,- = 1 for neon, the composition of the electron-pair wave- 
function in the continuum can differ. For np 4 3 P e the contributing continuum function 3 / )0 
is exceptional, because it has different symmetry properties ('favoured' character [18, 19]) 
which are connected with different angular functions and/or selection rules. In addition, 
the 3 P and 3 D continuum channels interfere. For np 4 l D e interference effects between 
three continuum channels exist, but their influence might be masked by the general 
conditions set to these continuum channels by the 'unfavoured' symmetry properties 
which result in a similarity of the individual amplitudes. Because of these properties it is 
therefore necessary to conduct a state-dependent study of double photoionization. 

Before turning to state-dependent TDCS patterns for direct double photoionization in 
neon leading to np 4l S e , 3 P e , l D e , the important point of possible competing processes 
which proceed via an intermediate state to the same doubly charged ionic states must be 
addressed. In the present example the strongest disturbance by such processes comes 
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Figure 4. State-dependent TDCS patterns for direct double photoionization in the 2p 6 
shell of neon with equal sharing of the excess energy. For details see text; from [34]. 



direct processes gets a rich structure of discrete photoelectron and autoionization electron 
lines [32, 33]. Hence, in order to study direct double photoionization, these discrete 
processes have to be clearly identified and then avoided by properly selecting the energies 
E\ and EI (see demonstration in [31]). 

A collection of np 4 l S e , 3 P e : l D e state-dependent TDCS patterns for direct double 
photoionization in neon is shown in figure 4. The data refer to equal energy sharing of 
the respective excess energies and to observation in the perpendicular plane geometry; the 
solid curve is a fit to the experimental values (points with error bars) based on a simple 
model to parametrize these TDCS patterns which will be partly discussed below. 
Comparing the TDCS (2p 4 l S e ) pattern with that of helium, figure l(a), one notes the same 
characteristic features (i) to (iii) discussed in connection with figure 1. However, two 
additional lobes appear in the neon case. The origin of these lobes can be traced back to an 
interference effect between [el el' 1 P] and [e/e(/' + 1) 1 P] channels in the electron-pair 
wave function in the continuum [35]. The existence of such channels follows from a simple 
parametrization of this TDCS based on uncorrelated wave functions for the initial and final 
states (responsible for 2p es and 2p > ed photoionization channels), in which core 
relaxation is included (responsible for 2p > ep shake-off) and electron-electron Coulomb 
repulsion is taken into account by a correlation factor C(l, 2). It leads to [34, 35] 



(3cos0 12 -l)r>pd 



fA\ 



waves, and tne radial matrix elements u ps ana u pd are products or me dipoie pnoto- 
ionization and monopole shake-off integrals. Comparing this parametrization with the 
one of eq. (1) it becomes evident that the initial state orbital is responsible for the 
difference between neon and helium; within the same model, the first factor in eq. (4) has 
to be replaced for the helium case by only one radial matrix element, D sp , which corres- 
ponds to the Is > ep dipoie and the Is > es monopole transition. (For more details see 
[13,34]; for critical comments on the model parametrization see [36]; for theoretical 
results which reproduce the characteristic features of these experimental data see [37] for 
a wave packet propagation along the Wannier ridge, and [38] for a 3C continuum function 
calculation; for first evidence of such an initial orbital effect see [39].) 

As expected, the TDCS (2p 43 P e ) pattern in figure 4 differs remarkably from the 
patterns discussed so far: due to the 'favoured' symmetry of the 3 P continuum function 
electron emission is possible now into opposite directions (except for the case that k] is 
parallel to the electric field vector of linearly polarized light [19,20]). For this back-to- 
back emission the TDCS intensity is entirely due to the 3 P contribution, in the other 
lobes the intensity comes, within the given model, from constructive interference of 3 P 
and 3 D. (For results of a 3C calculation see [38]; compare also the related case of 4p 4 3 P e 
double photoionization in krypton with experimental data [1] and theoretical results from 
the wave packet propagation along the Wannier ridge [40]). Finally, the neon TDCS 
(2p 4 l D e ) pattern in figure 4 shows a simple double-lobe structure rather similar to helium, 
in agreement with the expected dominance of 'unfavoured' characteristics in the 
interfering continuum channels (compare 3C results in [38]). 



4. Two-step double ionization in xenon for E v ^ Z? A 

As example of a 2-step double photoionization process 4d 5 / 2 photoionization in xenon 
with subsequent N 5 -O 2 ^02,3 % Auger decay shall be selected. In this case the process 
proceeds via a well-defined intermediate state with inherent level width F and all condi- 
tions for the application of the traditional 2-step formulation are fulfilled, provided the 
kinetic energies of both emitted electrons are different and, if present, effects of post- 
collision interaction (PCI) are properly taken into account [41]. As a consequence, the 
properties of the first step, photoionization, decouple from those of the second step, Auger 
decay. The only link between the two is in the form of an angle-dependent alignment 
tensor [42]. There is no continuous energy distribution as in direct double photoioniza- 
tion, but two electrons appear with a Lorentzian distribution (full-width-at-half-maximum 
value D at the nominal kinetic energies E = hi> - Ef and % = Ef- Ef + , and these 
electrons are identified with the photoelectron and the Auger electron, respectively (Ef 
and Ef + are the energies for 4d^ 2 single and 5p~ 2l S double ionization). Furthermore, the 
electron-pair wave function in the continuum factorizes into that of the photoelectron and 
the Auger electron. In the example given one has the photoionization channels 
4d^\ e/ 7 /2/= M^ e/5/2^=l, 4rfj^ epyiJ = 1 with attached dipoie matrix elements 
D + ,Do,D_, respectively, and the partial wave ed 5 / 2 for the selected Auger transition. 
Such a finite number of channels involved makes it possible to derive an explicit 



Because in me selected example only one partial wave or me Auger electron is possible, 
the second factor reduces to known numerical values, except for an overall intensity value 
which is not relevant for the shape of TDCS patterns. Therefore, relative TDCS patterns 
for the selected 2-step double ionization process depend in a known way on the emission 
angles k p and k&, and on the photoionization matrix elements D + ,>o,>_. This charac- 
teristic of a TDCS pattern adds information to the initial photoionization process and, in 
conjunction with other observables (partial photoionization cross section, angular distribu- 
tion of non-coincident photoelectrons and non-coincident Auger electrons), it can be used 
to extract photoionization matrix elements, including their relative phases 
('complete experiments', see [2,43,44]). 

Two examples of TDCS patterns of 4^/2 photoionization in xenon with subsequent 
A/s-02,302,3 l $o Auger decay are shown in figure 5. The data are for completely linearly 
polarized light (field vector along x) and for observation in the perpendicular plane 
geometry. In (a) the photoelectron is observed at a fixed direction and the Auger electron 
spectrometer is turned around, in (b) the complementary case is shown. For these patterns 
one can note the following properties: (i) Because one of the electrons is observed in a 
direction parallel to the electric field vector of the incident light, both patterns have 
rotational symmetry around the x-direction. (ii) Pattern (b) has more structure than 
pattern (a). This can be traced back to the connection of orbital angular momenta with 
spherical harmonics. Using for reasons of simplicity only an ef partial wave for the 
photoelectron and an &d partial wave for the Auger electron, the essential part in the 
angular correlation function is given by Y^ m (k p }Y2- m (k A ) terms which lead for fixed 
photoelectron direction to TDCS oc |l2o(&A)| 2 , arj d for fixed Auger electron direction to 
TDCSoc |r3o( p )| 2 (compare in this context figure 6(a) and [45]). (iii) Both patterns are 




Figure 5. TDCS patterns for 2-step double photoionization in xenon, 4d s j2 
photoionization and subsequent N$ 02,3^2,3 'So Auger decay at 94.5 eV photon 
energy, p = 26.95 eV, EA = 29.97 eV. (a) Photoelectron detection at fixed position, 
k p ; (b) Auger electron detection at fixed position, RA. For details see text; from [43]. 



The TDCS patterns discussed so far for direct and 2-step double photoionization all 
refer to completely (or partially) linearly polarized light. If circularly polarized light is 
used, the patterns can have remarkably different shapes for right- and left-circular 
polarization. This phenomenon is called circular dichroism in the angular distribution 
patterns [46-48]. The condition for the observation of circular dichroism can be inferred 
easily from the following three-finger rules: First, the electron momenta k\ and k 2 and 
the spin projection of the photon along its propagation direction (helicity presentation for 
right and left circularly polarized light) are identified with three fingers. Second, a change 
of circular polarization is identical to a change of the fingers from one hand to the same 
fingers of the other hand. Third, non- vanishing circular dichroism occurs if the fingers set 
on the right hand do not coincide with the fingers set on the left hand. As particular result 
of these rules one obtains for the present case of interest that circular dichroism is 
possible in the perpendicular plane geometry, but there it vanishes for equal energies of 
the electrons (the two fingers for ki and k 2 become indistinguishable). For the first 
experimental observations of circular dichroism in TDCS patterns of 2-step double 
ionization see [49] and for direct double photoionization see [50]. 

5. Sequential double ionization in xenon for E p w E\ 

Dramatic changes in the TDCS patterns of a 2-step double ionization process are expected 
if the restriction of different energies of the photoelectron and the Auger electron is 
relinquished: Tn the case of E p A the traditional 2-step formula fails and must be 
replaced by a formulation which treats the process as a resonance embedded in the double 
ionization continuum [51]. Application of this theory then leads for the case of 4d 5 / 2 
photoionization with subsequent N^-Oi^O^ I $Q Auger decay to the following result 
([52]), for a detailed treatment of the present example see also [53, 54]) 

TDCS(k 1 ,k 2 ) lin . poU 
1 



2 



(-1) 



s (Xe ++ k 2 |#ei|Xe+(M))(Xe + (M)k 
E 2 - + iT/2 




(5) 



The expression states that, due to electron exchange, two amplitudes occur which are 
combined with 'plus' and 'minus' signs, corresponding to the values of the total spin 
S = or S = I of the electron-pair wave function, respectively. Each amplitude consists 
of a photoionization matrix element (transition operator # int ) and an Auger transition 
matrix element (operator H t \), and in these the role of the electron momenta k] and k 2 is 
interchanged. The importance of each amplitude is governed by the energy denominator: 
For very different energies E\ and 2 the first denominator resonates for E\ = E A (energy 
conservation implies E 2 = E%) and there the second denominator is negligible, i.e., the 
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Figure 6. TDCS patterns for sequential double photoionization in xenon, 4d 5 / 2 
photoionization and subsequent N$ #2,302,3 'So Auger decay, at photon energies to 
demonstrate (a) the off-the-resonance case with E p = 24.97 eV, E A = 29.97 eV; (b) 
the on-the-resonance case with E\ = > = 29.97 eV, omitting PCI effects; (c) the on- 
the-resonance case with E\ = 2 = 29.97 eV, including PCI effects. For details see 
text; from [57]. 



jctron momenta ki and k 2 can be identified with k& and k p . Similarly, the second 
nominator dominates for the complementary case with ki = k p and k 2 = k A . Hence, 
e is lead back to the complementary TDCS patterns shown in figure 5. However, for 

EI both amplitudes are of equal importance and interference effects occur [52]. In 
s context two points must be emphasized. First, these interference effects are a one- 
annel phenomenon (no other competing pathways exist to photoionization with sub- 
quent Auger decay). This makes these interferences fundamentally different from cases 
icre indistinguishable pathways exist which lead to a common final state [55,56]. 
cond, the interference is important only in the energy range of F and has largest effect 
r J) = EA ('on the resonance'). 

In order to demonstrate the interference effects in the sequential process of 4d 5 / 2 
lotoionization in xenon with subsequent ^5-02,302,3 l ^ Auger decay, some TDCS 
items are shown in figure 6. They refer to linearly polarized incident light (field vector 
3ng x) and observation in the perpendicular plane geometry, and they have been 
Iculated under the simplifying approximation that spin-orbit effects can be neglected, 

well as the ep partial wave of the photoelectron against its e/ partial wave. For 
mparison, the off-the-resonance case is shown in part (a) (compare with figure 5(a), but 
ite that all photoionization amplitudes are taken into account), the on-the-resonance 
se is plotted in parts (b) and (c). The on-the-resonance case in parts (b) and (c) clearly 
monstrates the destructive interference which gives zero intensity at k 2 = ki , and in 
irt (b) the constructive interference occuring at the opposite directions. The origin of 
is interference can be traced back to the 1 P symmetry of the electron-pair wave 
nction in the continuum, i.e., to the same origin as shown for direct double photo- 
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must extend the discussion, because also in a sequential process Coulomb interactions 
between the charged particles play a role and must be taken into account. Such interactions 
are referred to in the literature as post-collision interaction (PCI) [61]. As a result of angle- 
dependent PCI the actual energies of the emitted electrons are modified: For small relative 
angles #12 the Auger electron loses energy and the photoelectron gains the same amount 
([62,63,64]; note that these energy shifts are opposite to those observed in the non-coin- 
cident case in the near threshold region). If such angle-dependent PCI effects are imple- 
mented into the amplitudes of eq. (5) one gets the TDCS pattern in figure 6(c). Remarkably, 
this pattern has the same characteristic features (i) to (iii) as discussed in connection with 
figure l(a) for direct double photoionization in helium at equal energies. This means, for 
E\ = EI differences in direct and sequential double photoionization disappear. 

Comparing in figure 6 parts (b) and (c), the question arises into which channels the 
huge intensity from the constructive portions of the TDCS pattern (b) is transferred. The 
analysis shows that PCI shifts intensity to other energies. These energy transfers are also 
important for the off-the-resonance case with E < E^. There it can happen that formerly 
well separated coincident energy distributions located around the nominal values E\ E 
with E 2 = j or E 2 - |j with EI = E A are modified so strongly by PCI that the two 
amplitudes in eq. (5) with implemented PCI effects gain weight and lead to PCI induced 
interferences in the resulting energy distributions [54]. 

6. Conclusion 

For specific examples it has been demonstrated that the shape of TDCS patterns provides 
detailed information on the underlaying process of double photoionization and, analysing 
the TDCS shapes in terms of appropriate parameterizations, on the angle-dependences 
and the dynamical parameters. For the fundamental three-body system helium a great 
deal of understanding has been achieved already. Studies in other elements are just at the 
beginning. However, for the few cases touched slightly in this report interesting new 
features could be demonstrated. Of particular interest are differences and similarities in 
double photoionization described as a direct or sequential process. It can be expected that 
forthcoming studies in this direction will widely open our understanding of two electrons 
emitted from different systems and/or by different mechanisms into the continuum. 
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Introduction 

e discovery of parity non-conservation in the beta decay of 60 Co by Wu and co-workers 
about forty years ago marked an important landmark in the history of physics. This 
enomenon which suggests the lack of mirror or left-right symmetry has now been 
served in several physical systems. An important case in point is parity non-conservation 
atoms [2]. Indeed parity non-conservation has now been observed in several atoms [3]. 
,e latest measurement on caesium has yielded a result of unprecedented accuracy 
35%) and has led to the discovery of the nuclear anapole moment [4]. 
It does appear that atomic parity non-conservation can serve as an important probe of 
ysics beyond the standard model (SM) of particle physics if the present accuracy of the 
>mic theory is improved, or the uncertainties associated with it can be removed by 
mparing very accurate parity non-conservation measurements on several isotopes of the 
ne element [5]. It has been pointed out that atomic parity non-conservation can provide 
;nificant constraints on models that suggest the possible observation of leptoquarks in 
i events that were recently observed at the HERA collider [6]. 
This article first presents the general features of parity non-conservation in atoms and 
sn focuses on its present status and future prospects. 



General features of parity nonconservation in atoms 

ic dominant contribution to parity non-conservation in atoms comes from the neutral 
jak current (NWC) interaction between the electrons and nucleons [7]. The effective 



where 



Z and N are respectively the number of protons and neutrons, c\ p and c\ n are the vector 
(nucleon)-axial vector (electron) coupling coefficients, a and 75 are the usual Dirac 
matrices, p(r e ] is the normalized nucleon number density, GF is the Fermi coupling 
constant and 7 is the nuclear spin R\y depends on the axial vector (nucleon)- vector 
(electron) coupling coefficients. 

The parity nonconserving weak interaction between the nucleons can lead to a nuclear 
anapole moment [8,9], which in turn can interact with the atomic electrons via the 
electromagnetic interaction. The effective Hamiltonian describing such an interaction is [8] 



where 



/ is the orbital angular momentum of the valence nucleon, k a is a quantity which depends 
on various nuclear parameters. It is interesting to note that fl^poie nas me same f rm as 
HNWC and so they both lead to the same observable effects. However, in the case of heavy 
atoms, the contributions of #^p i e is larger than that of H^ c [8]. 

The parity non-conserving electric dipole transition amplitude between atomic states of 
the same parity, ?/>, and ipf, is given by 



Note that //PNC> which can arise from parity non-conserving NSI or NSD interactions 
has been treated as a perturbation. The matrix element of this operator scales as Z 3 and Z 2 
for the NSI and NSD interactions respectively [2, 10]. It is primarily because of this 
reason that the heavy atoms are considered to be the best candidates for a parity non- 
conservation experiment. The quantity that is measured in such an experiment depends 
on the interference of E and an allowed electromagnetic transition amplitude [3]. 
The experiments that have been fruitful so far are based on fluorescence and optical 
rotation [4, 1 1]. In the former case the interference is between E c and a Stark-induced 
electric dipole transition amplitude, while in the latter it is between E c and an 
allowed magnetic dipole transition amplitude. An accurate calculation of E* NC must be 
based on a suitable relativistic many-body theory. Indeed a variety of ab initio and semi- 
empirical methods have been employed to calculate this quantity [12]. The most widely 



parity nun-cuiiserving interaction, me residual interaction ^aiirerence or me iwo-eieciron 
Coulomb interactions and the one-electron Hartree-Fock potential) is also treated as a 
perturbation. The wave function can be calculated either order-by-order or to all orders 
for particular types of excitations (singles, doubles, etc.) if one uses the coupled cluster 
(CC) approach. 

For atoms with strongly interacting configurations, it would indeed be appropriate to 
use a hybrid approach consisting of the configuration interaction (CI) and the MBPT or 
CC approaches. Examples of such atoms are bismuth and ytterbium. 

By combining the results of atomic parity non-conservation experiments and calcula- 
tions it is possible to extract Q w and quantities characterizing the NSD interaction. The 
extraction of Q w has important implications for physics beyond the standard model. One 
can express the deviation of this quantity from its standard model values as 



= Qw - <2^, 
where the standard model value of Q w is given by 



Z and N are respectively the number of protons and neutrons and sin 2 d w is the Weinberg 
mixing angle. 

After the inclusion of radiative corrections 

Q = (0.9793 - 3.8968 sin 2 6 W }Z - Q.9193N. 



It is possible to parametrize Qw and hence AQw in terms of the isospin conserving and 
breaking parameters, S and T [13]. 

Qw = (0.9857 0.0004)p -N + Z[l- (4.012 0.010)*], 

where p = 1 + 0.007827 and x = 0.02323 + 0.003655 - 0.002617. 

If S ~ 1 as predicted by certain models [14], then Qw clearly must be determined to at 
least an accuracy of one per cent. In other words, the combined accuracy of atomic parity 
non-conservation experiment and theory has to be at least one per cent to test physics 
beyond the standard model. 

An interesting point to note is that the uncertainty arising from atomic calculations can 
be circumvented by measuring the fractional difference of Qw, but that could give rise to 
nuclear structure uncertainties [15]. 

As mentioned earlier, it is possible to get information about the quantities that charac- 
terize the NSD interactions by combining atomic experiments and calculations. In parti- 
cular, the value of k a which will give quantitative information about the nuclear anapole 
moment can be extracted. 



3. Present status and future prospects 

The present status of NSI atomic parity non-conservation is summarized in the table 



1 i 



Caesium 


5p 6 6 , i/2 _ 


5/? 6 7j 1/2 


ir 

0.35% 


-1% 


Thallium 


6s 2 6p l/2 - 


65 6p3/ 2 


-1% 


-3% 


Thallium 


6s 2 6pi/2 > 


6s 7pi/2 


-15% 


-5% 


Lead 


6p 2 ,J = 0- 


- 6p 2 ,J = 1 


-1% 


-10-15% 


Bismuth 


6p 3 ,J = 3/i 


> <c3 r T /' 
6 > C3J9 , 7 = J/j 


2 -2% 


-30% 


Bismuth 


6> 3 ,/ = 3/: 


2->- 6p 3 ,J = 5/i 


2 -2% 


-30% 


Barium-t- 


5p 6 6^ 1/2 -> 


5/5^/2 




-10% 


Ytterbium 


6^ 2 6^5rf 


,7-1 




15% 


Francium 


6p 6 7j 1/2 -> 


6p 6 8j, /2 




-1% 



It is clear that one can only use the caesium results at this stage to make predictions 
about physics beyond the standard model. Using the results of the latest experiment and 
theory for that atom, we find that 

Q w = (-72.11 0.27 0.89). 

Assuming the standard model to be correct, i.e. &Qw = 0, we get 
sin 2 ^ = (0.2261 0.0012 0.0041). 

However, if we assume that there can be physics beyond the standard model, i.e. 
&Qw 7^ 0, then we deduce the following limit 

S=(-1.30.3l.l). 

For all the three quantities that have been extracted above, the first and second errors 
correspond to experimental and theoretical errors respectively. The latter must clearly be 
improved in order to make definitive predictions about physics beyond the standard 
model. This is a difficult but very worthwhile task. In order to achieve this one must go 
beyond the linearized coupled-cluster approach used by Blundell et al who have consi- 
dered single, double and only a class triple excitations [16]. This would mean including 
several non-linear effects; for example two simultaneous pair excitations. If one can 
exploit the tremendous power of modern computers, then this may not be beyond the 
realm of possibility. 

Two new parity non-conservation experiments - one on singly ionized barium and the 
other on neutral ytterbium deserve special mention. The former experiment involves the 
use of laser cooling and trapping [17] while the latter is a fluorescence experiment [18]. 
Relativistic many-body calculations on these two systems have been carried out by the 
author and his co-workers [19-21]. We have also carried out preliminary studies on 
singly ionized radium and find that it is a promising candidate for carrying out a parity 
non-conservation experiment [22]. 

The recent discovery of the nuclear anapole moment in caesium [4] has profound 
implications for nuclear and atomic physics and perhaps even particle physics. The 
quantity indicating the size of the nuclear anapole moment was obtained from this experi- 
ment. Its value is 

fc fl = 0.127 0.019. 



ocvc-icu vji uic uuicj. paiiL_y inju-uunacj vcuiuu CAjJcumeuLS cuuiu aisu piuviue usciui 

information on the nuclear anapole moment in the foreseeable future. The theory in this 
area needs to be greatly improved. One can indeed expect exciting developments in the 
area of atomic parity non-conservation in the coming decade. 
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Abstract. A new scheme for controlling photodissociation through preparation of a variationally 
optimized linear superposition of field free vibrational eigenstates is applied for selective control of 
IBr and HI dissociation. The dependence of photodissociation on various field parameters and initial 
conditions is examined to investigate the mechanistic basis of selective control. The parametric 
equations of motion approach for determining vibrational dynamics as a function of field parameters 
without having to solve the time dependent Schrodinger equation explicitly for each field parameter 
separately is outlined and its use to identify field characteristics which will provide the requisite 
population mix represented by the optimal linear superposition of vibrational states is advocated. 
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1. Introduction 

The easy availability of ultrafast high intensity lasers has fueled the dream of their use as 
molecular scissors to cleave selected bonds [1,2]. Theoretical approaches to laser assisted 
selective control of chemical reactions have kept pace and demonstrated remarkable 
success [3,4] and some experimental results [5,6] buttress these theoretical claims. The 
different established theoretical approaches to control have been reviewed recently [7]. 
Some of these approaches, based on field induced control have been perturbative [8] and 
hence of somewhat limited utility or have provided fields with undesirable attributes like 
very high intensity and require computationally demanding procedures for their speci- 
fication [4]. While the focus of these theoretical approaches has been on field design, the 
photodissociation yield has also been found to be extremely dependent on the choice of 
initial vibrational state from which photolysis is induced and results for HI [9, 10], HC1 
[5] and HOD [6] reveal a crucial role for the initial condition of the system in product 
selectivity and enhancement. 

This critical dependence on initial vibrational state indicates that a suitably optimized 
linear superposition of the initial vibrational levels rr^ay be another route to selective 
control of photodissociation. In any case, since in the field design based control, high 
intensity is undesirable, phase dependence has been found to be weak [11] and consi- 
derable success has been demonstrated using a single carrier frequency, it seems desirable 



and control through optimization of the linear superposition of vibrational states for the 
enhanced photodissociation out of the desired channel. 

Recently we have proposed a simple Rayleigh-Ritz variational optimization procedure 
[9, 12] for obtaining the optimal linear superposition of the field free vibrational eigen- 
states that would lead to flux maximization out of the desired channel for a given photo- 
dissociation pulse. This approach to control shifts the focus from control via field design 
to the design of an optimal initial state for the chosen field and is computationally simple 
to implement. The initial demonstrative application to the IBr and HI photodissociation 
has shown a marked enhancement in selectivity and product yield using these field 
optimized initial states [9, 12]. However, our method requires an identification of field 
parameters which will help achieve the requisite optimal superposition. The parametric 
equations of motion (PEM) approach [13-15] provides an economic means for charting 
the photodynamics as a function of different field parameters and we have found it to be 
quite economic in determining the field parameters which will produce the desired 
population mix in hydrogen flouride molecule [14, 15]. 

It is our purpose here to present a brief summary of some of the main results from our 
application of the field optimized initial state based approach to selective control of 
photodissociation. The formal and computational considerations of this method have 
been detailed elsewhere [9, 12] and only a skeletal outline is provided in the following 
section. Some demonstrative results from its application to IBr photodissociation are 
discussed in 3. Section 4 contains some representative results from our application of 
the PEM approach to the bi-chromatic control of vibrational dynamics of HF and an 
assessment of the strengths and weaknesses of the methods introduced here concludes 
this paper. 

2. Method 

For molecules possessing a dipole moment /Z, the effect of the radiation field e(t) may be 
obtained by solving the time dependent Schrodinger equation (TDSE), 

ih~^ = H(t)^ (1) 

where 



with HQ being the field free Hamiltonian. The solution ip at some time T can be expressed 
as 

VCO = frCr,<WO), (2) 

where U(T, 0) is the (not necessarily unitary) propagator and -0(0) is the wavefunction for 
the initial state of the molecule to which the photodissociation pulse e(t) is applied. 
Defining the time integrated flux operator F as 

f 
F= \ 



he grid point in the asymptotic region where the flux is evaluated. Note that in the case 
nore than one possible dissociation channel, operator j is channel specific and in a 
yete representation of the electronic curves on a spatial grid, r^ denotes the grid point 
ropriate to the desired channel. The time integrated flux, which is directly related to 
product yield, is 

dt(j} t = I drMOlMOH/ d^(0)|f/t(f,0)j^,0)|V(0)), (5) 
o Jo Jo 

f dt(j) t = {^(0)1/^(0)}, (6) 

Jo 

I it is clear from equation (6) that the product yield may be controlled by both altering 
field dependent part F or the field free initial state ^(0). Earlier control schemes 
[6, 17] have attempted control over photodissociation entirely through field mani- 
ation for a fixed i/>(0). Recently we have proposed a scheme where control over 
duct yields is sought through preparation of the initial wavefunction -0(0) as a 
lerent superposition of vibrational eigenstates of the ground electronic potential for the 
sen photolysis pulse [9] (for the short femtosecond pulses to be considered here, 
itional motion is ignored). Of course, the field itself may also be altered which will 
nge the nature of the optimal ^(O). By expanding i/>(0) in a basis of (M + 1) field free 
rational eigenfunctions, 

M 

iKO) = 5> m &,, (7) 

m=0 

c maximization is reduced to the familiar Rayleigh-Ritz variational optimization of 
1} through diagonalization of an (M + 1 xM+1) matrix F whose elements 

N, 

F k i = (<f>k\F\<t>i} Af (^(nAO|j|V/(nAO), ( 8) 

n=0 

h AT" as the step size for the numerical time propagation and N t &t = T. The largest 
envalue / max of F is the maximum product yield (flux) and the corresponding eigen- 
:tor {C 3 *} is the set of coefficients which defines the optimal initial wavefunction 

M 



istituting the superposition that will provide the maximum achievable product yield 
^ out of the particular channel specified by F for the chosen field e(f). As in other 
lilar calculations, the larger the basis set size 'better' the results. However, due to 
faculties in simultaneous overtone excitation of many vibrational levels, the basis set 
>ansion in eq. (7) is restricted only to first few vibrational eigenstates (only the first 
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each initial condition -0(0) = Xm, m = 0, 1, . . . ,M in the basis set expansion (eq. (7)). 
During the propagation, the matrix elements FU are accumulated according to eq. (8) as 
has been described in detail elsewhere [9]. The field free vibrational eigenstates Xm are 
obtained using the Fourier grid Hamiltonian method [18] and an anlysis of the V ; max(0) 
for different e (?) helps in investigating the mechanistic underpinning of photodynamic 
control of product selectivity and yield [19]. 

For a periodic field of period r, Floquet theory [20-22] permits the computation of full 
dynamics for pulses of arbitrary length nr at any field intensity by solving the TDSE over 
only one optical cycle. The governing equation in the Roquet approach is given by 



where 

rj 

W(r,f)=#(r,0-i-^ (11) 

with 

ff(r,0=flr (r) + V(r,0 (12) 

and e m is the quasienergy and (j) m are the Floquet eigenvectors. HQ is the field free 
molecular Hamiltonian and V(r, /) represents the molecule-radiation interaction. For a 
periodic field with period r, the unitary propagator 7(nr, 0) of eq. (2) can be expanded in 
the Floquet eigenbasis for any arbitrarily large n (longer the pulse length larger the 
savings) 



U(nr, 0) = 0(0) expHenrO) (13) 

and dependence of photodynamics on any field parameter A may be investigated by solv- 
ing equations of motion in A for <p and e to construct U\(T,ty such that 



The variation of C\(T], T = nr, with respect to various field parameters - amplitude, 
frequency and phase can be studied using the PEM equations. For example, when the 
perturbation parameter A corresponds to the intensity of the laser field, the PEM equations 
are given by [15]: 

(14) 




amics as a function of field parameters is achieved by solving the coupled ordinary 
srential equations (14-17) and their equivalent for A = uj and 8 instead of repeated 
ition of TDSE for each new value of A. This method has been found to be more 
lomic than the brute force solution of the TDSE by as much as a factor of 100 in some 
;s [15]. For multicolor cw fields the dependence of these c m on different field para- 
ers may be efficiently investigated by solving the parametric equations of motion and 
approach can therefore be used for bichromatic (U\Q + ^21) control of population mix 
1 = 0, v = I and v 2 levels required by eq. (9). In the following sections we offer 
ic selected results. 

Selective control of IBr photodissociation 

the ultrashort photolysis pulse considered here, IBr has been modelled as a rota- 
less oscillator, the three potential energy curves are given in figure 1 and the transition 
)le moments used here are same as those employed earlier [4]. The energies of the 
ational eigenstates of the ground potential energy curve were evaluated using the 
rier grid Hamiltonian (FGH) method [18] and the TDSE was numerically solved using 
split operator fast Fourier transform (SOFFT) method [23, 24] incorporating propaga- 

via Pauli matrices [17]. The total spatial grid of 10 a.u. starting from 2.0 a.u. was 
ded into 1024 equally spaced points. The flux was monitored at 10.0 a.u. beyond 
ch 'ramp' type optical barrier of height 0.01 a.u. was set up till the end of the grid to 
fent any unphysical reflection of the wave packet. The flux out of the channel 1 
slled J\ corresponds to the products I + Br( 2 P 3 / 2 ) (electronic states 1 and 2) and /2 
otes flux out of the second excited I + Br*( 2 Pi/ 2 ) (the Ej state labelled 3 in figure 1) 
iuct channel. The analysis to be presented here is for a multicolor cw field of the form 




Fieure 1. Potential enerev curves of IBr. 
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Figure 2. (a) Variation of maximum flux out of channel 1 [1 + Br( 2 ?3/2) (circles)] 
and channel 2 [I + Br* ( 2 P3/i) (triangles)] as a function of field amplitude A. The open 
symbols denote maximum flux from any of the three v = 0, v = 1 and v = 2 
vibrational eigenstates and the filled symbols represent those utilizing the channel 
specific optimized superposition of these states i^^/ip**- The results are for the 
three colour cw field e(t] = A ^_ cos(u; uj pt o)t with w = 0.087 a.u. (b) Same as 
figure 2a but for a higher amplitude range. 



E(t) =A^ =0 cos(cj w pi o)f where A is the amplitude, u the photodissociation fre- 
quency and cj(/?, 0) = (E p - E }/n the Bohr frequency for transition between the ;?th and 
the ground vibrational energy levels. Propagation is done for T = 20, 000 a.u. (485 fs) 
with this field on and allowed to propagate further for another 16,000 a.u. (390 fs). 

The variation of maximized flux out of channels 1 and 2 as a function of field amplitude 
at a laser frequency w = 0.087 a.u. (19094cm" 1 ) using the optimal combinations iff 
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Figure 3. Variation of maximum flux with change in laser frequency at amplitude 
A = 0.03 a.u. Conventions of figure 2 apply. 



and 1^2- of the ground, first and second vibrational levels (filled symbols) is compared 
with maximum from any one of the v = 0, v = 1 and v = 2 vibrational eigenstates (open 
symbols) in figures 2a and 2b. The circles represent J\ and ]i is represented by triangles. 
We infer from figure 2a that considerable total dissociation is seen for field amplitude 
0.003 a.u. < A < 0.01 a.u. (19-65 TW/cm 2 ) but in this range there is an uniform increase 
in the dissociation out of both the channels and thus amplitude alone does not seem to 
be a suitable agent for enhanced selectivity. Also, for field amplitudes A < 0.002 a.u. 
(13 TW/cm 2 ) the total dissociation is small and for A > 0.006 a.u. the dissociation is 
more or less complete whereby for A < 0.002 a.u. and A > 0.006 a.u. the extent of 
enhancement offered by the optimized linear combinations (filled symbols) is almost 
negligible as compared to the maximum flux that can be obtained with v = 0, v = 1 or 
v = 2 eigenstate as the initial condition (open symbol). As we approach larger field 
amplitudes (figure 2b), the uniform increase of dissociation out of both the channels gives 
way to increased dissociation out of the I + Br channel and decrease in the yield of 
I + Br*, till, at the larger amplitudes the yield is predominantly out of the lower I + Br 
channel. All these results for amplitude dependence are for cu = 0.087 a.u. chosen so 
that both the channels are asymptotically open. It is experimentally advantageous to 
maintain as low an amplitude as possible and we explore the possibility of selective 
product enhancement at a comparitively low field amplitude of A 0.03 a.u. (195 
TW/cm 2 ) by varying the field frequency. The results for the frequency band 0.081-0.091 
a.u. [17780-19971 cm" 1 ] are presented in figure 3 where it can be seen that even at this 
low amplitude, considerable selectivity and enhancement may be achieved by varying the 
field frequency. 

This complementary role of amplitude and frequency variation can be understood by 
examining the change in the dressed electronic curves as a function of field variations. 
The field free potential curves are plotted in figure 4a and the dressed adiabatic electron 
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(figure 4b) and the speed with which the molecule will approach the outermost crossing 
controlling dissociation depends on field frequency (figure 4c) with higher frequencies 
providing a higher velocity diabatic approach to the 3 IIo"-BO + crossing, favouring exit 
out of the I + Br* channel. As the amplitude is increased (figure 4d), the depth of the well 
to be traversed before approaching the crossing point increases leading to the slower 
approach to the 3 IIJ-BO + crossing whereby exit out of the lower channel is favoured as 
seen earlier in figure 2b. 




o.o 



R (a.u.) 
Figure 5. (a) Probability density plots for v = 0, 1, 2 vibrational eigenstates of IBr. 
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inrougn tne use 01 tnese optimal comDinauons as ine imuai siaie can oe unaersioou irom 
the probability density plots of the variationally optimized superpositions of the first few 
vibrational eigenstates. In case of both IBr and HI we have shown elsewhere [19] that the 
optimization alters the spatial profiles such that T/iJf 1 "* is always peaked to the left of ifjf 3 * 
whereby for any given frequency, Franck Condon transitions occur to the energetically 
higher or steeper, more repulsive region of the 3 no" potential energy curve and the excited 
molecule described by the ifig 3 * traverses the 3 Ii0"-BO + crossing with greater velocity 
compared to where the molecule is represented by tjjf** which posits it in a relatively 
smoother region of the 3 IlQ~ potential energy curve and thereby facilitates a slow adiabatic 
exit out of the lower channel. This feature is, more or less, independent of actual field 
parameters and for a representative set of laser amplitude and frequency we present this 
spatial separation of ifjf ** and if) 3 * in figure 5. 

4. Efficient investigation of vibrational population dynamics as a function of field 
parameters using the PEM approach 

The parametric equations of motion (PEM) approach provides a route to arrive at the field 
parameters required to obtain the desired population mix specified by the Rayleigh-Ritz 
variational procedure. Due to its large dipole moment, hydrogen fluoride has been a 
prototypical molecule for testing different methods for solving the TDSE and we also 
considered vibrational excitation of rotationless hydrogen fluoride in its ground electronic 
state for initial demonstrative applications [14, 15]. Potential and dipole functions are 
from ref. [27]. Bound state energies and wavefunctions used to compute the dipole matrix 
elements were computed using the FGH [18]. Numerically, both the TDSE equation (1) 
and the PEM equations (eqs (14-17)) were integrated with a fifth order Runge-Kutta 
integrator. The molecule is initially assumed to be in the ground vibrational state and all 
the results are for time averaged populations in accordance with actual laboratory 
conditions. In other words, at each value of A = 8 where the population dynamics is to be 
evaluated, we compute (see ref. [15] and [22]) the time-averaged population P n of the nth 
vibrational state using 



(18) 



71=1 



where m is the total number of states included in the calculation (here 14 states were 
found to be sufficient). 

The dependence of HF vibrational population dynamics as a function of field ampli- 
tude and frequency for the bichromatic field e(f) = A\ cos(u}\t] +A 2 cos(w2? + <5) have 
been discussed in detail elsewhere [14, 15]. Here we present the population dynamics as a 
function of two variables (A and 8/u and 6) simultaneously. The effect of phase and 
frequency variation on the population in the first excited level is presented in figure 6. In 
this case, we set wi = 0.01814 a.u. and u 2 = wi/2. The frequency wi chosen to be nearly 
resonant with the first fundamental (v = 1) transition. Note that there is very little 
population transfer for frequency values which do not satisfy the resonance condition and 



uj 




Figure 6. (a) Population transferred to the first excited vibrational level by the 
bichromatic field E(t) = A] cos(utf) + A 2 cosQut + 6}. The critical role of resonance 
is manifested through the peak at a; = 0.01 8 14 a.u. for all values of the phase 
difference 6. (b) Population transferred to the second excited vibrational level as a 
function of A and 6 for the bichromatic field E(t) = A[cos(o;r) + cos^utf + <5)], 
wi = 0.01820 a.u., u 2 = 0.95^. 



Before establishes the critical role of the resonance condition in photoexcitation. 
nilar results were observed in our earlier study [14] where an increase in intensity only 
ds to some power broadening of the excitation spectrum. Otherwise the maximum 
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Floquet period r. Although multiple cycles of both field components are incorporated 
into r, the Floquet formalism is still valid since we define r as the Floquet period; a 
similar situation occurred in ref. [7] where population dynamics with Gaussian pulse train 
were studied. 

From both figures 6a and 6b it is clear that even for low amplitudes, a suitable choice 
of phase can induce substantial population transfer which would otherwise have required 
much more intense fields. Such results would be difficult without the 3-D plots presented 
here, which in turn would be too demanding to generate without recourse to the PEM- 
based approach to the solution of TDSE summarized here. 



5. Concluding remarks 

In this paper we have offered some results from our investigations of selective maxi- 
mization of IBr .photodissociation products using Rayleigh-Ritz variational optimization 
procedure for the flux operator. Optimization increases the product yield out of both the 
channels and our results demonstrate that a careful choice of frequency and amplitude 
achieves selective control without requiring highly intense fields with attributes not 
reproducible in the laboratory. The optimal control approach applied to this problem [4] 
also achieved large flux and almost total selectivity but required three order of magnitude 
more intense fields and a functional form which cannot be reproduced in the laboratory. 
The approach advocated here therefore offers the possibility of obtaining controlled selec- 
tive dissociation using moderate intensity lasers. The selective maximization procedure 
outlined here is equally effective with the cw or Gaussian pulses [12], offering additional 
experimental convenience and flexibility. 

Results for selective control of IBr photodissociation through maximization of flux out 
of the desired channel using the optimal superpositions selected by the Rayleigh-Ritz 
variational procedure [9, 12] reveals that the selective maximization is effected through 
localization of the probability density in different parts of the Franck-Condon region of 
the appropriate state. Localization of the probability density on the more steep, repulsive 
part of the excited curves favours high radial velocity diabatic exit at the crossing 
point. Localization away from the repulsive wall favours slow adiabatic exit out of the 
same state. The Rayleigh-Ritz variational maximization of flux generating an optimal 
spatial profile for the initial wavefunction therefore does offer a viable alternative to 
selective control through field variation. It appears that the variational alteration of the 
initial wavepacket profile is equivalent to that of varying field frequency for the chosen 
amplitude, both of which allow sampling of different portions of the Franck-Condon 
region. 

The preparation of the optimal initial linear combination however requires overtone 
excitation using a two colour (UIQ -J- 0*21) IR laser. Parametric equations of motion provide 
an efficient investigation of quantum dynamics in the presence of bichromatic lasers. The 
resulting equations offer computational savings of up to a factor of 100 over the brute 
force approach to the solution of the TDSE for each new value of the phase difference. 



to this new Field Optimized Initial STate (FOIST) based alternative approach to 
lective control. The field required to achieve the requisite {c ax }^ =0 va l ues raay be 
tained analytically for the three vibrational levels [9] or the more general optimal 
ntrol theory [16] may also be applied to this task. At this stage of development, 
wever, what would serve the purpose better is an experimental test of the ideas 
ssented here and hopefully the detailed demonstration of its promise will stimulate some 
perimental investigations. 
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Introduction 

e classical dynamics of generic time independent Hamiltonian systems with two or 
>re degrees of freedom exhibits chaos, i.e., its phase space dynamics shows extreme 
isitivity to initial conditions. Quantum systems for which the underlying classical 
namics is chaotic are an active area of research and atomic and molecular systems 
)vide numerous examples of such quantum systems. One of the simplest of chaotic 
antum systems is a one electron atom in an external magnetic field. For Rydberg states 
the atom, however, the external field strength can become comparable with the 
ractive electrostatic field felt by the electron and this results in chaotic classical 
namics for the electron. The spectra of Rydberg states of such systems have been 
sasured as a function of the external field strength [1,2]. Experiments have also been 
rformed on many electron atoms in high external magnetic fields and involve detection 
Rydberg atoms after laser excitation [3] and recently some new experiments using 
my-electron atoms have been suggested to study quantum chaos in such systems [4]. 
L the theoretical side the Hamiltonian for the hydrogen atom in an external magnetic 
Id can be transformed using semi-parabolic coordinates to that for two nonlinearly 
upled harmonic oscillators [1], Another problem which has been extensively studied is 
it of two coupled quartic oscillators [5, 6, 7]. In both these problems the accurate eigen- 
ergies and eigenfunctions of highly excited states are required to be calculated in order 
elucidate the effect of classical chaos in quantum systems. The eigenvalues and eigen- 
ictions are obtained by diagonalizing the Hamiltonian matrix in a suitable complete set 



problem we have extensively dealt with, namely, the coupled quartic oscillator problem. 
We believe that the strategy we propose is applicable to a wide class of matrix eigenvalue 
problems. We also give some examples of the result we have obtained. 

2. Coupled quartic oscillators 

In this section we briefly sketch our model. Our model is defined by the Hamiltonian, 

x- a = 2 + +x 4 + 



where a is a parameter and we have taken h h/1-n = 1 throughout this paper. The 
classical dynamics of this Hamiltonian has been extensively studied [8, 5] and a glance at 
eq. (1) shows that for a = 0, 2, 6 the equation is separable and the dynamics is regular. It 
has been previously shown that the following transformation, 

(12 -2a) 



exists for the parametric interval [0, 2] onto [6, 2] and the interval [-2, 0] onto [oo, 6]. A 
point to note about this Hamiltonian is that, apart from scaling, the classical motion is 
independent of energy. As a 2 the classical motion is increasingly chaotic, and as per 
the transformation this is equivalent to large values of a'. For a = -2 the classical motion 
becomes unbounded. We had also shown that in this limit the Hamiltonian defined by 
eq. (1) can be transformed into 



, (3) 

where = (*-y)/\/2 and 77 = (* + v)/\/2. The classical dynamics of this system is 
globally chaotic and studies on its classical, semiclassical and quantum properties have 
been reported [9]. The calculation of eigenvalues and eigenfunctions for this particular 
system are extremely difficult because of severe problems in the convergence of the 
matrix diagonalization procedure and only few tens of eigenstates above the ground state 
have been reported from a diagonalization of a Hamiltonian matrix of dimensionality of 
several thousands. 

The quantum eigenvalues and eigenfunctions for this coupled quartic oscillator system 
are obtained by numerically solving the Schiodinger equation, 

ff(*,y;oW = !*;. (4) 

The classical scaling property of the Hamiltonian implies as usual the connection between 
spectra at different values of the Planck constant. In particular for the above Hamiltonian 
we get, 

E(n-a} = C 4 E(h/C*- a ) : (5) 

where C is any constant. Thus scaling allows us to equate going higher up in the spectrum 
with getting closer to the classical limit. In addition, the property of duality in the 
parameter space implies the relationshio between snectra at identical valnp.s nf thp. 



(2 + a) 



1 / 6 



us when we study the coupled quantum oscillator at a 64.6667, it is the same as 
dying it at a = 1.76; however the convergence of the number of eigenvalues for a 
en matrix dimensionality is significantly better for the positive a domain. 
Notice that the above Hamiltonian possesses a C^ v point group symmetry, with irredu- 
le representations labeled, A], A 2 , Bi,B2 and E. The Hamiltonian matrix in any desired 
;ducible representation is set up by expanding the eigenfunction in terms of appro- 
ately symmeterized two dimensional basis states, 



y}, (7) 

7=0 

ere, for the states belonging to the A] irreducible representation, 

fyfay) = A/"(n,m){^>, ( (*)0 m (y) + (j) m (x)(j> n (y}} : (8) 

ere $ n (x) are the eigenfunctions of the one-dimensional quartic oscillator and the 
[ex j refers to a unique pair of even indicies {n, m} and A/"(n, ra) is a normalization 
tor, 



itice that as per eq. (7), we will have to sum up infinite terms, in principle, to construct 
i required eigenstate. However, in practice the number of basis states is truncated 
ding to what is called the convergence problem in the computed eigenvalues. 
Before we conclude this section, we make a brief remark on role of certain classical 
iodic orbits and their influence on the quantum spectrum. Of the dense set of periodic 
)its that exist in a chaotic system, it is known that the least unstable periodic orbits 
ect the quantum spectrum in a profound way. The channel periodic orbit of the coupled 
artic oscillator defined by the initial condition (x,y = Q,p x ,p y = 0) has short time- 
riod and has interesting stability properties. This orbit plays a vital role in the semi- 
issical and quantum regimes of the oscillator. In the coordinate representation this 
riodic orbit simply coincides with the x and y axes, which lie along the channels of the 
tential. The stability of this periodic orbit oscillates as a function of the parameter a. It 
i be shown that for this periodic orbit, pitchfork bifurcation accompanied by the stability 
anges occur at values of the parameter given by a n(n + 1), where n = 1, 2, 3, ... 
}, 11]. We note that a = 90 is one such point of pitchfork bifurcation. 

L One dimensional eigenfunctions and matrix elements 

te literature provides few methods, that can be numerically implemented, for solving 
5 one-dimensional Schrb'dinger equation to obtain the eigenvalues and the eigenfunc- 
*is 6(x\. One of the well-studied methods used to solve such one-dimensional 



equation leading to recurrence relation for the coefficients of the assumed basis states. 
The condition for non-trivial solutions for the coefficients leads to a determinant whose 
roots are identified with the eigenvalues. But this method has been shown to be useful to 
obtain the spectra for certain potentials [14] and unreliable in certain other cases [15]. 
Moreover, it is not a reliable method for computing highly excited states of the system. 
Computing eigenfunctions through this method is not straightforward and requires 
unprecedented accuracy for the eigenenergy to obtain accurate eigenfunctions. In our 
work the one-dimensional Schrodinger equation is transformed in to a Milne equation 
[16] and is solved by a generalized phase-amplitude method proposed by Larsen [17]. 
Thus it is possible to determine accurately the eigenvalues and eigenfunctions for very 
high quantum numbers. 



3. Banded Hamiltonian matrix 

Once the two-dimensional basis states i^j(x : y) for the desired symmetry are constructed, 
the next step is to construct the Hamiltonian matrix (ipj(x,y)\H\ipf(x,y}). This requires a 
large number of integrals of the form 

x}r-<l) n (x} (10) 

corresponding to the coupling terms in the potential of the Hamiltonian in eq. (1). These 
are again numerically performed. For the Hamiltonian matrix of order N, the number of 
such integrals required will be N(N + l)/2. In all our calculations, we have typically 
employed 200 one-dimensional even parity quartic oscillator eigenfunctions to construct 
Hamiltonian matrices of order about 20000. 

Thus both the one dimensional eigenfunctions for the quartic oscillator and the required 
matrix elements are obtained to a high accuracy numerically. For the AI irreducible 
representation all the matrix elements of the type (n\x 2 \n'}, where both n and n? are even 
integers, are required. It is well-known that if the states n and n' are harmonic oscillator 
states then the matrix element is zero for |n - n'\ > 2. This is so because the eigenfunctions 
are defined in terms of orthogonal polynomials. In case of polynomials which are not 
orthogonal or for eigenfunctions obtained numerically there is no such strict cut-off. This 
cut-off is essential as it gives rise to a banded Hamiltonian matrix for the two dimensional 
problem. A banded real symmetric matrix, compared to the full real symmetric matrix, 
takes less storage space on the computer and the CPU time for diagonalization. One of the 
reasons for the use of harmonic oscillator eigenfunctions is that it leads to banded 
Hamiltonian matrix. The other reason being, of course, that the matrix element can be 
explicitly written down and numerical integration can be avoided altogether. 

Though in principle any complete orthogonal set of basis states is sufficient to solve the 
problem, in practice an efficient numerical diagonalization depends crucially on the 
choice of physically appropriate basis states. In our work, we used the eigenfunctions of 
the unperturbed problem, namely the a = case of the Hamiltonian in eq. (1), rather than 
usine harmonic oscillator eieenfunctions as basis states Thnnah p.mnlm/intr 



3 or me quaruc oscmaior, e n ~ n ' . L-ieariy, tor any given n, tne energy or me quartic 
illator is higher than the corresponding one for the harmonic oscillator. Thus, for 
tier values of n, there is a large separation between the energies of harmonic and 
rtic oscillator. Thus, to build up a two-dimensional eigenstate with the given energy, 
re number of harmonic oscillator states will be needed. Computation of a large 
nber of converged eigenvalues and eigenfunctions using lesser number of basis states 
ossible with quartic oscillator eigenfunctions. Such a construction of one-dimensional 
is functions is optimal for the calculation of a maximum number of converged 
rvalues and eigenfunctions for a given matrix dimensionality, for the coupling 
stant a in the range [6, oo] rather than in the range [0, 2]. It is easy to see that in the 
;ative a domain the potential is rotated by 45 with respect to the positive a potential, 
have earlier discussed the solution of this one dimensional Schrodinger equation by 
verting to an equivalent nonlinear second order differential equation. This nonlinear 
'erential equation is solved numerically to obtain eigenvalues and eigenfunctions to 
:hine precision [18]. 

iven though, quartic oscillator does not allow for exact banding of the Hamiltonian 
Uix, it is still possible to obtain a banded matrix, to a very good approximation. It is 
te as follows. In figure 1, we show |M(n, n'}\ and log|M(n,n')| plotted against 
= n -+j and j = 0, 2, 4, . . . , 10, for three different fixed values of n. This figure shows 
t the matrix elements fall off exponentially as a function of n 1 . 
Jased on the numerical values of the matrix elements, we found that, 

\(<j> n ( x )\x 2 \<j> n ,( x ))\ io- 10 o, /' > (n A*). (n) 

an emperical study of the matrix elements, we fix the value of p, for the problem under 
isideration. For p > 10, the above condition was satisfied. This condition was imposed 
the one-dimensional matrix elements while computing the full Hamiltonian matrix for 
coupled quartic oscillator. At this point two salient features need to be noted. From 
symmetrized form of the basis states used in eq. (8) we note that the matrix elements 
the two-dimensional quartic oscillator actually involves product of the matrix 
tnents given in eq. (10) and hence the numerical banding will be much more effective. 
;ondly, the magnitude of the matrix elements depends only on the difference | (n' n) \ 
I not on the magnitude of the individual quantum numbers and so the banding criteria 
1 remain true for all the values of n and n'. In the case of Hamiltonian in eq. (1), we 
istructed a Hamiltonian matrix of order 1 2880 and by imposing the above condition 
bandwidth, the number of super or sub-diagonals with non-zero entries, was found to 
790. This procedure leads to considerable saving in CPU time and RAM space 
uired for running the programs. For instance, to diagonalize a dense real-symmetric 
trix of order about 3000 in IBM RS6000/580 RISC processor, it takes about 4 hours of 
U time. However, diagonalizing banded matrix of order 6000 with a bandwidth of 540 
3 takes the same amount of time. Thus there is a considerable speed-up and since we 
L employ bigger matrix sizes we get more number of converged eigenvalues. 
\11 the eigenvalues obtained in the course of this work have an accuracy better than 
" 6 . We note that the accuracy or the convergence of the eigenvalues is not affected by 
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Figure 1. The exponential fall of the matrix elements of x 2 in the one-dimensional 
quartic oscillator basis. The plots are the matrix elements \M(n, n'} \ and the logarithm 
of the matrix elements. 
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matrix or order OIUD ana irom me corresponding numerically banded matrix ot order 6105 
and with a bandwidth of 540. If Ef and E b represent the eigenvalues from the full matrix 
and eigenvalues from the banded matrix respectively, then A = |" f E^\. The number 
of converged eigenvalues, about 900 in this case, is also unaffected by the banding 
procedure. The figure shows that even at the worst, the eigenvalues of the Hamiltonian 
matrix differ only by about 10~ 3 , even though they may not have converged to the energy 
eigenvalue of the system being considered. 

It is important to note that the data about the number of converged eigenvalues is specific 
to parametric regimes we worked with, namely a = 64 to 96. It is not true in general for 
any arbitrary value of the parameter. We performed the following exercise to get a general 
picture about the eigenvalue convergence. In general, the number of converged eigenvalues 
depends also on the parameter of the system, apart from the size of the Hamiltonian matrix. 
We recall that the parameter a is indicative of the degree of classical chaos in the system. 
For the coupled quartic oscillator, for a fixed size of the Hamiltonian matrix, as the chaos 
parameter a is increased beyond 6, the convergence continuously gets poorer. In figure 2(b) 
we show the plot of the number of converged eigenvalues against the parameter a. We 
checked the convergence by diagonalizing Hamiltonian matrices of orders 3080 and 4000 
for various values of a. The convergence criteria was that the difference in the eigenvalues 
computed from the matrices to two different orders mentioned above should not differ by 
more than 10~ 5 , which is the effective accuracy of the eigenvalues. From the available data, 
it appears that the convergence goes down as a power-law for the quartic oscillator system. 
Also note that as a increases beyond integrable parametric values, there is a sharp initial 
fall in convergence. 

The diagonalization of the Hamiltonian matrix is carried out using standard routines 
from EISPACK and LAPACK [19]. The modus operandi is to tridiagonalize the given 
matrix first and then obtain the eigenvalues by the well-known bisection method. The 
eigenvectors are then computed by an inverse iteration process. Since thes numerical 
methods and the computer codes are well documented [20] we will not discuss them here. 
By this procedure, we obtained about 2600 eigenvalues and eigenfunctions, converged up 
to 6 decimal places, for the coupled quartic oscillator by diagonalizing Hamiltonian 
matrices of order 15000. 



4. Results 

In this section, we will outline some of the results obtained using the numerical procedure 
we have followed. We have extensively studied the quantum mechanics of the Hamiltonian 
in eq. (1) whose phase space exhibits a mixture of both regular and chaotic dynamics. It is 
by now well known that such generic Hamiltonian systems exhibit quantum localization 
effects, i.e the non-spreading of the quantum wave functions in the entire classically 
accessible configuration space. Heller [21] has given theoretical arguments to show that 
the probability density \fy n (jc, y) | 2 tends to concentrate in the vicinity of the classical least 
unstable periodic orbits. Such localized enhanced probability density structures are called 
scars. This variety is called the scarring localization, to distinguish it from the other types 








Figure 3. Eigenstates of coupled quartic oscillator: (a) A localized state, 1972nd 
state, (b) A typical eigenstate, 1973rd state (both at a = 90.0). Note that the grey scale 
for both the images is the same. 

of localization. In fact, the term 'localization' is used in various contexts in the study of 
quantum systems in different branches of physics. In the particular context of the coupled 
quartic oscillators we will reserve this term to denote eigenstates scarred by the channel 
periodic orbit. In the coordinate representation this periodic orbit simply coincides with 
the x and y axes, which lie along the channels of the potential. In figure 3, we have plotted 
the \l/ n (;c,v)| 2 as an image plot for two eigenstates consecutive in energy. These are 
probability density plots with darker regions representing higher intensity and pure white 
corresponds to zero intensity. The boundary of the typical eigenstate shown corresponds 
to the boundary of the classically accessible region. As the image shows, the localized 
state has very less spread in the configuration space. 

The difference between a typical state and a localized state is clearly brought out in 
figure 3. The results we present below pertain to localized states of the kind shown above. 

These localized states are remarkable since they form a denumerably infinite series in 
the spectrum; that is they occur at regular intervals in the spectrum and this interval 
between the successive localized states keeps increasing as we explore the highly excited 
regions of the spectrum. For instance, in the region of state numbers 400-500, there are 
about 15 states between successive localized states whereas high up in the spectral region 
of 2000th state, there are about 30 states between successive localized states. It must be 
emphasized that the ability to calculate the accurate eigenenergies and the eigenfunctions 
for a large number of excited states enabled us to identify this infinite set of localized 
states in the spectrum of coupled quartic oscillator. Using an information entropy 
measure, we proposed a numerical method to identify these localized states [12]. 

Furthermore, we were able to investigate the properties of these localized states mainly 
because the procedure we followed allowed us to accurately compute the quantum eigen- 
functions. Our numerical results show that the channel localized states in the basis-state 
space are dominated by a few peaks whose fall-off is exponential in nature in the quantum 



ly localized in the momentum space. Further we have provided numerical evidence to 
effect that the degree of localization, as measured by the information entropy, is 
ited to the stability of the channel periodic orbit. We found that the information 
ropy of the channel localized state also displays oscillations and is strongly correlated 
:h the stability oscillations of the channel orbit [22]. At the points of pitchfork 
urcations of the channel orbit, like a 90, we found the localization to be sharper and 
5 result was viewed in the light of Berry's scar theory [23]. For more detailed evidence 
this behaviour of the eigenfunctions in the unperturbed basis, we refer to [22, 26]. This 
lect, namely the effect of a purely classical quantity like the stability of the channel 
it on the localized quantum wave functions has been theoretically predicted by the 
ir theories of Berry and Bogomolny [23, 24]. Quantitative verification of these theories 
lot straightforward since they are not directly applicable to an individual wave function 
coordinate representation. The evidence for our efficient and accurate numerical 
icedure comes from our results, in particular, the unmistakable correlation between the 
bility of the channel orbit and localized states. 

Three-dimensional systems 

e interest in three-dimensional chaotic quantum systems has just begun in the last few 
ITS and some of the first results have started appearing in the literature. Both classically 
I quantum mechanically, the three-dimensional systems are more challenging and 
r eal a much richer dynamical structure than what can be seen in two-dimensional 
stems. For instance, classically, the three-dimensional systems exhibit phenomena 
led Arnold diffusion, which is absent in the two-dimensional systems [25]. The 
incare section is four dimensional and hence difficult to visualize. One of the challeng- 
; problems is to study the signatures of classical Arnold diffusion, if any, in the three- 
nensional quantum systems. Thus, while even the classical behaviour of three degree 
freedom systems have not yet been exhaustively studied, the quantum mechanics of 
;h systems is still an unexplored area. This is so mainly because of the computational 
ficulties involved in solving the eigenvalue problem for the highly excited states. In 
s context, we expect that our approximate banding procedure outlined above will help 
overcoming the computational barrier. 

We studied the eigenvalue spectrum of the three-dimensional homogeneous Hamiltonian 
fen by [26] 



(12) 

icre n\ , HI and 713 are even integers. To compute the stationary states, we expand the 
*enfunction of this system in the basis of the corresponding unperturbed Hamiltonian, 
mely the a = case of eq. (12). The symmetrized form of the basis state is given by 



(l) + 0n, 000/12 (*)0na(z) + 0n, 

)n 3 00 + 0, (Z)0* 2 0003 (*) + 0, (Z)0H2 (*)03 00 ' 



parameters ranging from a = 1 to a = 60. Though numerical banding worked well in the 
case of the two-dimensional quartic oscillator system, it is not very efficient for the three- 
dimensional quartic oscillator for the following reason; the coupling part of the potential 
yZyi _j_ -y2 z 2 _|_ ^2^2 j ias ^gg termS5 each one coupling only two of the three independent 
modes. Hence, if we use a basis state of the form in eq. (13) there is atleast one Kronecker 
delta function in each of them leading to sparse Hamiltonian matrix. We observed that 
nearly 60% of the matrix elements are exact zeros. On the other hand, presence of three 
terms in the potential and three quantum numbers (n\ ,ri2,nj,} means that the possibility of 
all the three coupling terms adding to produce a number close to zero is less pronounced. 
The matrix element would become vanishingly small only if the difference between any 
pair of quantum numbers is at least, say, larger than 10. Since this condition is difficult to 
satisfy for all the three coupling terms simultaneously, the numerical banding is not very 
effective, but can still be done. Hence, this situation presents itself as a sparse and banded 
matrix eigenvalue problem. The clue to computing highly excited states in systems of this 
type lies in taking advantage of the sparsity and bandedness of the Hamiltonian matrix 
simultaneously. We are now adopting Lanczos algorithm for sparse matrices to compute 
the quantum spectrum of this system. The results will be presented elsewhere. 

6. Conclusion 

We have presented some techniques to compute the highly excited states of certain coupled 
two-dimensional nonlinear oscillators. Basically we adopt the basis set diagonalization, 
though we have shown how the Hamiltonian matrix can be tuned so that we obtain a large 
number of converged eigenvalues for a given matrix dimensionality. The method presented 
above is quite general and can be applied in similar situations, which commonly arise 
while studying the quantum mechanics of various systems in physics and chemistry. We 
have presented results from our study of the two-dimensional coupled quartic oscillator, 
particularly the eigenfunctions of highly excited states with state numbers reaching 2000 
counted sequentially from the ground state. It must again be emphasized that the results on 
the eigenfunctions of this system presented in this paper could be obtained mainly because 
of the efficient implementation of the numerical technique presented above. Since it is 
likely that saturation may be reached, sooner or later, in the computer processor speed it is 
imperative to explore better algorithms and efficient means to implement them. 
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Introduction 

ITRID, the Aarhus STorage Ring In Denmark, has been used to study electron colli- 
ns with molecular ions at very low energy. The ions are running around in the ring and 
ctrons are injected parallel to the beam of ions at the same velocity. Recombination to 
atral molecules or radicals takes place and results in dissociation when the surplus 
;rgy is disposed of. It was found that carbonium and oxonium ions [1] fragmented into 
ee parts equally often as into two. This rather unexpected result requires a somewhat 
:ailed study of the electronic process and it is interpreted here as a correlation effect. 
Electron propagator calculations are a convenient means to examine the scattering of 
ictrons by molecular targets [2]. Efforts by Remhardt and collaborators [3] have demon- 
ated the possibilities and applications to stable negative ions by Simons [4] have been 
xessful in establishing the techniques relevant for the study of weakly bound systems. 
The next section of this paper presents notations and forms to be used in the analysis, 
sreupon a section is devoted to examples of numerical calculations based on regular ab 
tio calculations. The paper concludes with a part on the possibilities of more detailed 
aminations. 

Forms and notations 

cond quantization [2,5] will be used as a vehicle. Creation {a\} and annihilation {a s } 
erators are defined with respect to an orthonormal basis of spin orbitals for a fixed 
ometry nuclear framework of the molecular species. It may be assumed that the basis is 



with the Hamiltonian [2] 

H = Ew/A^aJflj/ + ^'2 rr > ss >(rr'\ss'}ala i r a rJ a s > . (2) 

The electron propagator is defined as the form 

G rs (E} = ((a r ;al)} E , (3) 

with the equation of motion 

(E - r )G rs (E} = <$ + ((b r \ flJ E ; r = [a r , H] - e r a r . (4) 

The residual operators b r must not be neglected in situations where electronic correlation 
is significant. Extensions beyond conventional self-consistent field theory involves a 
suitable extension of the operator manifold [6]. Presently we include the set of tensor 
products of elementary operators with three factors, 

{a\a s a sl \r ^ s,r ^ s'} (5) 

which opens to the possibility that the scattered electron couples to electronically excited 
modes of the target molecule. As a result of this extension one obtains a propagator 
equation with an energy dependent self-energy M: 

(E - r )G rs (E) = 8 rs + 5VM r y(E)G^(E). (6) 

The self-energy is derived, in this algebraic formulation, from the equation of motion and 
the detailed formalism has been described well in the review by Ohrn and Born [7]. 

Electron correlation effects are contained in the self-energy. There will be energy 
values where bound states are degenerate with states with a free electron and these will 
give rise to poles in the self-energy M(E). An illustration of this feature comes about by 
considering an operator in the manifold (5), 

b = XWflJfl^Cna/; ([b, aj] + ) = 0; Vr, (7) 

with the stationary property that _ 

JL{E b ([b&] + ) - <[[*,#],#]+ = 0; W. (8) 



The stationary energy value E& represents an approximation to a bound state which is 
orthogonal to the normal state plus one free electron in the fashion discussed by Fano [9], 
The method follows closely the development by Rice [10] and used for discussions of 
predissociation, a related problem to the present one. We define the coefficients c r through 
the relation 

((b^} + ) = l ] (([a r ,H],tf] + }=c r (9) 

and obtain a simple self-energy form as 

-(*) = A (10) 



where the auxiliary quantities 



LL 



<"> 



(12) 



appear. This analysis requires a formulation admitting a continuous spectrum. Numerical 
calculations are conveniently performed in a finite basis by invoking the dilatation 
analytical properties of the electronic hamiltonian [8]. Amplitudes from the definition (9) 
allow us to assign symmetry and energy for the continuum states which couple effectively 
to the bound state. 
The amplitude c r has the explicit form 



c r = JW{(ras) - (rs\r' S '}}c^ = dxu* r (x)f(x), (13) 

\J 

and we are concerned with the case that the spin orbital u r (x) is a continuum one while 
the three other spin orbitals in any one integral are bound. It follows that appreciable 
amplitudes are obtained for low energy states with modest oscillatory behaviour in the 
molecular region of space. An estimate of the quantities a(E) and /3(E] of eq. (12) can be 
obtained from the Coulomb Green function [2] in the Wentzel-Kramers-Brillouin 
approximation. The most significant contribution comes from the /?-wave, which can 
penetrate the molecular electron distribution to a certain extent. Thus it can be argued that 
the function (3(E) should be similar to the differential oscillator strength distribution and 
that a(E) should be related thereto through a dispersion relation. Such forms were 
calculated some time ago [11] and exhibit the kind of behavior given by Fano [9]. 

Cross sections for recombination are found from the imaginary part of the diagonal 
elements of the r-matrix, according to the optical theorem. Thus they are proportional to 
/3(E) and exhibit the approximate E~ l form as indicated by Bardsley and Biondi [12]. 

3. Fragmentation of carbonium 

Transition from a free electron state to a bound, electronically excited one will generally 
not be accompanied by a rapid nuclear adjustment. The system is 'born' in a confor- 
mation where forces are acting on the nuclei and a motion is induced. Diatomic systems 
will then often dissociate [12]. A polyatomic system has the possibility of several 
channels and the observation of substantial propensities for the creation of more than two 
fragments [1] requires a detailed investigation of the nature of the excited electronic 
states that are accessible in the process. 
Results for the carbonium cation, CKJ", are as follows [1, 13]: 

CH 2 + H AE = 5.0eV 40% 10% 

CH + H 2 AE = 5.2eV 14% 10% 

H + H _,_ H A = 0.7eV 16% 15% 

1 i ur. i u A JT _ 1 <*\r 



that low lying electronically excited states of the neutral system are thus degenerate. 
Accordingly we expect that the neutral system, after having incorporated the free 
electron, finds itself in an electronically degenerate state and is subjected to Jahn-Teller 
distortions. 

The equilibrium ground state conformation of the carbonium ion has the point group 
>3/2 and the electronic configuration (la' l } 2 (2a' l } 2 (le'} 4 . Normal modes of vibration are 
the uniform stretch A\ , the umbrella mode A'^, and four jfi'-modes which are combinations 
of stretch and bend. Only the latter ones will be effective in splitting the degeneracy of the 
e'-type molecular orbital. The maximal splitting between the electronically degenerate 
states occurs for a particular linear combination of nuclear stretch and bend distortions 
and to first order the splitting is equally large for a directly opposite displacement of the 
atoms. There is a further three-fold equivalence arising from the permutational symmetry 
of the protons. 

A series of calculations, of varying sophistication, have been performed in order to 
search for the intramolecular displacements which generate the largest energy splitting 
between the relevant excited states of the carbonium ion and its neutral radical. 
Qualitative molecular orbital theory shows, in the energy weighted maximum overlap 
form [14] that E'-type bending modes give a larger splitting than the corresponding magni- 
tude stretch, in figure 1. It appears that the nearly pure bend is the more effective distortion 
in raising the energy of the highest occupied molecular orbital and thus decrease the 
excitation energy to an unoccupied orbital with little dependence on the distortion such as 
the empty a^-orbitsd on the carbon atom. 

Accurate calculations of the triplet excitation energy from the closed shell ground state 
give a similar picture of the effect of atomic displacements. Such investigations have been 
performed with the program system DALTON [15]. A set of energy surfaces have been 
constructed, based on a series of small displacements with different mixture of bend and 



\ 



Figure 1. Molecular orbital energies for the two highest occupied levels as functions 
of the mixing angle $ when the distortion from the regular conformation is composed 
of a linear superposition of a stretch, with amplitude cos <j) and a bend with amplitude 
sin 0. The energy scale is in Hartrees. 
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Figure 2. Contour diagrams of the energy surfaces of the carbonium ion ground 
state and its first two excited states in the two-dimensional subspace spanned by the 
bending and stretching modes leading to the descent in symmetry from DM to Ci v . 
The ground state equipotential curves are centered in the middle of the graph. The two 
triplet states have, in the present second degree polynomial fitting, their minima 
towards the upper left and the lower right. The straight line through the center 
indicates a combination of stretch and bend which results in no splitting of the 3 - 
states in first order. The horizontal axis represents stretching displacement while the 
vertical refers to bending. 



stretch mode, for the ground state singlet and the first two triplet states of the carbonium 
ion. The ground state is a self-consistent multiconfigurational state and the excitation 
energies are derived from response calculation, all within a moderately large basis set with 
115 contracted functions and including /-orbitals on carbon and d-orbitals on hydrogen. 
Figure 2 gives an impression of the energy surfaces. The most effective splitting between 
the 3 -states is here a stretch-bend combination where the mixing angle (f> (defined in the 
legend to figure 1) is about 1 or TT 1. These analyses indicate that electronic configura- 
tions with a hole in the highest occupied molecular orbital of the ground state of the 
carbonium ion will be accompanied by atomic displacements of the E-type. 

There are four dimensions to the space of E type displacements, each of the two bends 
and the two stretches may be labeled as A\ or #2 in a reduced Ci v symmetry. An AI 
distortion reduces D 3 /, to Ci v while a finite B 2 bend or stretch leaves only a plane of 
reflection as a symmetry element. The ground state symmetry ensures that the first order 
energy changes are equivalent for the two varieties. It turns out that the accurate calcula- 
tions of the triplet excitation energies show maximal splitting for atomic displacements 
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equilateral triangle where the central carbon can oscillate in a practically circular potential 
well. 

A neutral, excited state of the methyl radical CHs couples well to free electron states at 
near zero kinetic energy. It will be characterized by a hole in the e'-type orbitals of the DM 
ionic equilibrium structure and two electrons in the (1<2 2 , 3a\ )-manifold. The instability of 
the degenerate E-type states at the equilibrium geometry opens distortion channels where 
the bonding between the carbon and the hydrogens is reduced. Either the carbon gets closer 
to one of the hydrogens and the bond weakens to the other two indicating a dissociation 
which involves a CH-fragment or it moves away from one of the hydrogens which may 
leave the rest. The fate of the two remaining hydrogens in the former case will depend on 
the electron distribution, if the electron configuration initially is (Ifl 2 ) there will be little 
bonding between the hydrogens and we expect the result CH+H+H, while a configuration 
(1^2 3ai ) provides for the exit channel CH+H 2 . A corresponding situation occurs in the 
case that the carbon moves away from one hydrogen. Then the configuration (1# 2 ) will 
tend to keep the CH2 as a unit while (\a'fia\} favors dissociation to fragments C and H 2 
due to the antibonding character of the 3>a\ relating to the carbon-hydrogen bonds. The 
nuclear motions of the system are not restricted to planar ones and the coupling between 
E'- and ^''-states mixes the electronic symmetry labels. 

Detailed calculations of the possibilities for fragmentation of the carbonium ion are 
required in order to ascertain the relative propensities for the various channels. The 
previous arguments demonstrate the opportunities which are available through the 
mechanisms of Jahn-Teller instabilities of degenerate electronic states. 



4. Fragmentation of oxonium 

Experiments on the dissociative recombination of oxonium or hydronium ions provide 
the propensities [1, 13] 



( OH 2 + H AE = 6.4eV 33% 8% 

OH + H 2 A = 5.7eV 18% 7% 

AE=1.3eV 48% 8% 

A=1.4eV 1%4% 



and it is seen that nearly half of the events give three fragments. Free oxygen atoms 
appear only rarely while free carbon occurred in about a third of the events in the 
carbonium investigations. The closed shell electronic ground state of oxonium does not 
provide low lying electronic states, a 3 Ai is the first accessible one at some 1 1.5 eV in the 
ground state geometry [16]. This cannot be compensated for by binding an additional 
electron, the first empty orbital being located at a binding energy of some 4.7 eV. 

There are no electronically excited states that can provide a sizeable coupling through 
the self energy in the propagator formulation above and it is then necessary to look for a 
description beyond the Born-Oppenheimer formulation such as is provided in the work 

Vv\7 f~" l **<"1^f*!'\Qnm F1 T\ f~ 1 rvnci/1flt-rai i ir\ne rvf fVio /^r^iiT^I-t-n/r tr\ f-Via ^-in/-*!^**** vi rvf-t r-r n n-r>A */-* noiVkl*]' 
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seems likely that the recombination to a triplet state could be favored and that this will 
reduce the binding considerably. 



5. Remarks 

Discussions in this paper have concentrated on the possible electronic features of the 
dissociative recombination in carbonium ions. A Green function formulation was used in 
order to put forth the basic many-particle nature of the process. The available, low energy 
triplet state provides a channel for the acceptance of an electron into a spatially degenerate 
state which admits two principal and distinct distortions originating from the Jarm-Teller 
theorem. Initial nuclear motions have been determined but a full dynamic treatment of the 
process remains to be seen. It is necessary to invoke detailed descriptions of the inter- 
actions between electronic states and the nuclear motions in order to obtain a satisfactory 
appreciation of the propensities for different dissociation products. This is even more 
imperative for the oxonium and water cation cases. 

A conclusion from the present effort is that inelastic electron scattering from molecular 
species is quite a complex problem which requires a substantial theoretical effort to 
master. 



Acknowledgements 

The unexpected outcome of the carbonium experiments were brought to the attention of 
(JL) by Torkild Andersen and discussions with him and with Lise Vejby-Christensen, 
Dror Kella, and Lars H Andersen have proven most useful. The opportunity given (JL) to 
visit India and to contribute to the Xlth National Conference on Atomic and Molecular 
Physics is much appreciated and (JL) thanks Prof. P Deshmukh for the very kind 
hospitality extended to him at the Indian Institute of Technology, Chennai. The authors 
are grateful to Jack Simons for supporting (MR) during a considerable part of this work. 

References 

[1] L Vejby-Christensen, L H Andersen, O Heber, D Kella, H B Pedersen, H T Schmidt and D 

Zajfman, Astrophys. J. 483, 531 (1997) 
[2] J Linderberg and Y Ohm, Propagators in Quantum Chemistry (Academic Press, London, 

1973) 

[3] W P Reinhardt, Ann. Rev. Phys. Chem. 33, 223 (1982) 
[4] J Simons, Ann. Rev. Phys. Chem. 28, 15 (1977) 

J Simons and K D Jordan, Chem. Rev. 87, 535 (1987). 
[5] P J0rgensen and J Simons, Second quantization-based methods in quantum chemistry 

(Academic Press, New York, 1981) 
[6] J Linderberg and Y Ohrn, Chem. Phys. Lett. I, 295 (1967) 

B Pickup and O Goscinski, Mol. Phys. 26, 1013 (1973) 
[7] Y Ohrn and G Born, Adv. Quant. Chem. 13, 1 (1981) 



[10] O K Rice, / Chem. Phys. 1, 375 (1933) 

[11] J Linderberg and D Prato, Int. J. Quantum Chem. 8, 901 (1974) 

[12] J N Bardsley and M A Biondi, Adv. At. Mol. Phys. 6, 1 (1970) 

[13] L Vejby-Christensen, Electron-Ion Collision Studies at ASTRID, Ph.D. thesis (University 

Aarhus, 1997) 
[14] Reference [2], Chap. 9 
[15] T Helgaker et al, DALTON, a second-order MCSCF molecular property program, Release 

(1997) 

[16] S Klein, E Kochanski and A Strich, Chem. Phys. Lett. 260, 34 (1996) 
[17] L S Cederbaum, J. Chem. Phys. 78, 5714 (1983) 



Total cross sections for electron scattering from 
well-known and exotic molecules 



K N JOSHIPURA 

Department of Physics, Sardar Patel University, Vallabh Vidyanagar 388 120, India 

Abstract. In this review paper, scattering of intermediate to high energy electrons on well-known 
as well as exotic molecular targets is considered. The 'additivity rule' and its modifications for 
calculating various total cross sections are discussed against the background of an extensive experi- 
mental data. The theory succeeds at high impact energies (",- > lOOeV). Tentative upper and lower 
limits of e-molecule ionization cross sections are identified. Fitting formulas to represent total cross 
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1. Introduction 

Study of the collisions of electrons with molecules has been a traditional but active area 
of research. There have been many more experimental investigations in this regard as 
compared with theoretical ones. The sustained interest in this field is due to its relevence 
in various pure and applied sciences [1]. The present paper discusses various approxi- 
mations, called the 'additivity rules' employed to calculate the different total cross- 
sections (TCS) of e-molecule scattering at intermediate to high impact energies E t . 
These approximations have been found to be useful in interpreting the corresponding 
measurements, if they exist. They can provide reliable high energy data in the absence of 
measurements in many cases. 

At low energies, typically up to about 10 eV, the e-molecule scattering is dominated by 
anisotropic and long-range dipole and/or quadrupole interactions. With an increase in 
energy the ionization and excitation channels also open up and the rotational-vibrational 
channels gradually become weaker. Many experiments performed in this energy domain 
measure total (complete) cross sections which include elastic as well as non-elastic 
contributions. It is meaningful to calculate total elastic cross sections Q e i(/) and total 
inelastic cross sections Q- me ,\(Ei) separately, with the latter quantity being comparable to 
total ionization cross sections >ion(/)- We calculate these quantities by starting with the 
relevent atomic scattering amplitudes. 

Although the above theory has so for been applied to a large number of molecules, our 
focus here is on (a) 10-electron targets viz., HF, H^O, NHs and GHU along with Ne and, 
(b) 18-electron targets like F 2 , H^S, 2^.6 etc., along with Ar. Many of these molecules 
have been experimentally studied by Zecca et al [2-4], Szmytkowski et al [5], Garcia et al 



[6], Rao and Srivastava [7] and by other groups. Szmytkowski et al [5] have recently 
given a detailed summary of a large number of TCS measurements done over a wide 
energy range on diatomic and polyatomic molecules. Detailed comparisons of our 
theoretical results with some of these experimental data can be found elsewhere [8-10]. 
Comparison of our results with the theoretical work of Jain and Baluja [1 1] has also been 
made in our previous papers. These authors [11] have calculated e-molecule TCS in a 
number of cases by starting with direct molecular wave functions and charge densities. 
Further, the TCS obtained theoretically or experimentally are often analysed in terms 
of correlations with the properties of the target molecules. This is done here by expressing 
the TCS as functions of energy E t and by interpreting the parameters of these fitting 
formulas in terms of molecular properties (see also ref. [12]). 

2. Theoretical aspects 

In the simplest approximation, the total (elastic + inelastic) cross section QT(M] of e- 
molecule collision is expressed as a sum of the relevent e-atom cross sections. Thus in the 
additivity rule (AR) we have [8] 



(1), (1) 

1=1 

where n is the number of atoms in the target molecule and Q? (A] is the total (elastic 
+ inelastic) cross section of the ith atom. Equation (1), though rather too simple, serves 
as a preliminary result. An improvement over this can be introduced by separating the 
long-range (spherical) polarization potential of the target from the remaining short 
range interactions. Thus we introduce [8-10] the 'modified additivity rule' (MAR) as 
follows: 

Q T (M] = Y, QsR(0 + <2 P oi(M), (2) 

where, on the RHS the first term is the sum of the e-atom TCS calculated in the short- 
range complex optical potential. This complex potential consists of static, exchange and 
absorption effects, and the polarization effect is considered at the molecular level through 
the second term 2 po i(M). The standard formalism of partial wave analysis is employed to 
calculate the cross sections. The MAR, eq. (2) is more realistic, as it makes use of mole- 
cular properties like the polarizability and ionization energy. Further, a small non- 
spherical (mainly dipole) contribution can be added to Qj(M] to define the grand total 
cross sections in polar molecules. 

Now, one can write the additivity rule for molecular total inelastic cross sections in a 
similar manner, i.e., - 



O- A) Cl\ 
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[13] modified eq. (4) as follows: 

(a).2ion(a), (5) 



where f(a) is a weighing factor for atom a. It depends on structure properties like the 
number of valence electrons and the 'radius' of outermost orbitals in the constituent 
atoms. It is difficult to understand how the static factor/(o;) in eq. (5) provides a weigh- 
tage over the atomic TCS Qi on ((x), which is a dynamic quantity. 

Let us note that the additivity method itself has also been employed in predicting 
the average spherical polarizability (#0) of many molecules. Miller [14] has discussed 
empirical methods to develop molecular ao as a sum over the atomic polarizabilities. 

Now, the MAR for e-molecule scattering can be extended to polyatomic targets like 
C2He molecule in an another form. In this molecule the two CHs groups are bonded to 
each other at a relatively larger C-C bond length. The two C atoms can be identified here 
as approximately independent scattering centres. The charge-density of H atoms in the 
CHs group is expanded and brought to a single-centre at C, which becomes the scattering 
centre for further calculations. The single-centre total charge-density is employed to 
construct complex short-range potential and to calculate the corresponding cross sections. 
Thus in our MAR-SC approach [12], 

2 T (M) = ]TesRU) + !2poi(M). (6) 

7=1 

In eq. (6), j stands for one of the two scattering centres and Qm(j] is the TCS obtained 
in the short-range complex potential. Further, an equation similar to (3) can as well be 
written down for j2 ine i in the present case. These calculations, though approximate, do 
employ the actual properties of the target molecules. 

Finally, we turn briefly to the fitting formulas to represent the energy dependence of 
the molecular cross sections <2i- ^ t 15 ] we proposed the following general form, in the 
energy range 100-1000 eV, 



where the LHS is in cm 2 and ,- is in eV. The parameters a and b have been correlated to 
the target properties. Alternatively we also employ 



which shows an explicit dependence on 
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of e-molecule systems. These include diatomic and triatomic molecules made up of C, N 
and O atoms [8, 9], together with heavier triatomic polar molecules like H 2 S, SO 2 and 
OCS [10]. Several other authors [16, 17] have employed the additivity rules for high 
energy electron scattering with other well-known and exotic polyatomic targets. The total 
(complete) cross sections in diatomic molecules compare favourably with experiments 
above lOOeV roughly. The results for polyatomic molecules are in a similar accord above 
300 eV or so. Towards lower energies the present approximations yield overestimating 
results, but are qualitatively correct. The polarization effect, vide eq. (2) offers a small 
contribution at intermediate energies, and it decreases rapidly with E t . For polar 
molecules the dipole rotational excitation cross sections also offer a small contribution 
which slowly decreases with ,-. The simple additivity rule eq. (1), becomes effective at 
large / when the scattering is mainly through static and absorption potentials. 

The present method also gives a high energy estimate of the ionization cross section in 
the form of Q- in& \, eq. (3). Up to about 1000 eV, we have Qinei > Q\ on as expected. Khare 
and Meath [18] calculated Qion for a large variety of molecules under different 
approximations. These results are found to be lower than the measured data on ionization. 
The quantity Qinei on the other hand, sets an upper limit to <2i on for a molecule. 

The AR in the form of eq. (1) or (4) shows that the cross sections simply increase with 
the number of atoms of the same kind, contained in the molecule. Deutch et al [13] have 
pointed out a failure of such a rule i.e. eq. (4) for ionization. 

Now, the present theoretical methods are examined here to see the relative behaviour of 
the TCS Qj(M}, of the sequence HF-H 2 O-NH 3 -CH4, containing 10 electrons each. Our 
results vide MAR, eq. (2) (see [9, 10]) for these target molecules are plotted in figure 1. 
The experimental data on e-Ne scattering, given by Zecca et al [3] serve as a reference. At 
a given energy, the TCS becomes larger as we pass on from HF to GHU. The differences in 
the TCS decrease with EI and are quite small above lOOOeV, but still all the molecular 
values are larger than the Ne cross sections. We have fitted the TCS of the 10 electron 
targets HF through CHU to analytical formula of eq. (8). The fitting parameters A and B are 
given in table 1. 

Now, the K^O molecule has long since been the target of scattering studies. We have 
separately investigated [19] the electron scattering cross section of H 2 O in the usual 
vapour phase, together with that in the ice and liquid phases. 

Let us next discuss the relative behaviour of the TCS of F 2 , H 2 S and C 2 H 6 molecules 
typically representing 18-electron targets. We have exhibited the MAR cross sections of 
these molecules in figure 2, along with the experimental data [3] on Ar atoms. In the case 
of e-F 2 scattering probably there are no other data on intermediate and high energy TCS. 
Again here, the cross section at a given energy becomes larger along the sequence F 2 - 
H2S-C2He. The cross sections of C 2 H 6 are calculated in the MAR-SC approach. The 
nonpolar diatomic molecule F 2 offers the smallest values among these three targets. The 
half bond length of F 2 is somewhat larger than the orbital radius (1.25 ao) of the Ar atom, 
but the polarizability of Ar is more than that of F 2 . It is, therefore, noticeable that, in 
figure 2 the cross sections of F 2 are at the lowest. There are differences in the bonding in 
the three molecules, and these are reflected in the results in figure 2. The molecular cross 
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Figure 1. Total cross sections for 10 electron systems. Experimental data for Ne: 
oooooo [3]; present results: -A-A-A-A HF; -x-x-x-x-x- H2O; ---__- 
NH 3 ; CH 4 . 

Table 1. The fitting parameters of eq. (8) for 10-electron 
systems. 



Target 



B 



Ne atom 

HF 

H 2 

NH 3 

CH4 



70.89 
179.9 
157.3 
141.1 
144.0 



0.51 
0.71 
0.74 
0.75 
0.76 



ions tend to merge slowly at high energies above 2000 eV. The TCS of the 18-electron 
its were fitted to eq. (8) and the parameters A and B are shown in table 2. 
bus the present paper has considered the scattering of intermediate and high energy 
trons by a large variety of molecules. Simple but effective theoretical approximations 
v us to study the total electron collision cross sections for different groups of mole- 
r targets. We have presented here the TCS of the 10-electron as well as the 18-electron 
scules, together with those of the corresponding inert gas atom (Ne and Ar) serving 
sference. The fitting parameter A of eq. (8) is found to depend on the molecular 
netry. The parameter B varies over a narrow range between 0.5 and 0.7. The value 0.5 
L accordance with Vogt and Wannier [20] but for molecules QT (o)' 7 has been 
;rved [12]. 
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Figure 2. Total cross sections for 18-electron systems. Experimental data for Ar. 
oooo o [3]; * * * * [5]. Present results: ------- F 2 ; -A-A-A-A H 2 S; --- 
---- C 2 H 6 . 

Table 2. The fitting parameters of eq. (8) for 18-electron 

systems. 



Target 



B 



Ar atom 
F 2 
H 2 S 
C 2 H 6 



108.4 
78.7 
82.4 

140.8 



0.56 
0.54 
0.61 
0.71 
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1. Introduction 

The talk is organized into two parts. In part I we shall discuss field theory in the context 
of its application in atomic collision problems. Part II will include the calculations of (a) 
charge signature on ionization-excitation of He by proton and antiproton in Lorentz 
gauge and (b) radiative recombination of cold electron and proton into hydrogen atom at 
subzero temperature in Coulomb gauge. 

2. Part I - Field theory in bound state problems 

Regarding the origin and growth of field theory one can say - where as quantum 
conditions govern the properties of extremely small bits of matter, relativistic conditions 
govern the properties of matter travelling at extremely high speed. Their difficult marriage 
produced what is known as field theory, a sickly child that eventually grew into the robust 
standard model of elementary particle physics. We are constrained by relativity and 
quantum mechanics to speak of a funny language of quantum field theory that is used to 
describe interactions between particles and fields. 

In this connection we find that we do not have the right to talk about the complete 
description of nature. Our description of nature is organized by the distance scale. 
Newtonian mechanics for instance, is fine to something like billionth of a centimeter. 
After the advent of QED - we have complete description of nature at distances greater 
than 10~ 16 cm. After QCD we have complete description of nature below 10~ 16 cm, where 
elementary particles like proton and neutron begin to show structure. I like to state that 
elementarily of a particle is strongly energy dependent. In the collision theory any matter 
subjected to the energy opaque to its structure, can be treated as elementary. Thus a 
nucleus will behave like an elementary particle below its binding energy. One can take 



following grounds. With the increase in precision in the measurements of various atomic 
collision processes, application of sophisticated theories are needed to explain experi- 
mental findings. Traditionally QED is used to study collision phenomena between free 
particles. The application of the gauge invariant language of quantum electrodynamics 
(QED) in collisions of atoms/molecules, with leptons or ions, though rarer, is most 
general. In the low energy limit QED exhibits classical behaviour. But because of the 
fully covariant treatment from the onset one may expect to get different results in QED 
technique as compared to the result obtained by extending the classical result to the 
relativistic limit. In quantum mechanical collision theory particles are assumed to be free 
if the interaction vanishes at t = 00. In principle by free particle it is meant that there is 
no interaction between particle and quantized electromagnetic field [1]. A bound particle 
in atomic physics is one which is under the influence of the Coulomb field of the nucleus. 
Bound particles in the presence of the external electromagnetic field have all the charac- 
teristics of the free particles as regards equal-time commutators and anticommutators of 
the field operators [1]. A composite system of particles in QED is represented by a string 
of field operators (e.g. creation operators) operating on particle vacuum and multiplied by 
the solution of the Schrodinger equation in momentum space [2]. For interaction between 
particles, bound or free, one may take for the interaction matrix the free particle 
interaction Hamiltonian operated between the initial and the final state vectors obtained 
in a field theoretic way. The interaction Hamiltonian is written either in Coulomb gauge or 
in Lorentz gauge. Very high energy ion beams now being available, Feynman diagrams 
are found to be convenient tools for calculating the high energy atomic collision 
processes. One can represent a nucleus by a Feynman directed line assuming it to be an 
elementary particle. Bound electrons are also represented by Feynman directed lines, and 
the information that these are bound will be contained in the state vectors. We have used 
the field theoretic technique in Coulomb gauge to calculate low energy processes like 
excitation [3], ionization [4], muon catalysed fusion [5] and recombination [6]. Feynman 
technique is used to calculate double ionization [7], charge transfer [8], transfer ionization 
[9] etc., due to high energy collisions. Since detailed discussion of the technique is 
beyond the scope of this talk, we present in part II two examples on the application of the 
field theory. 



3. PartH 

3.1 Use of Lorentz gauge and Feynman diagram to calculate ionization- excitation of He 
by proton (P*) and antiproton (P~) 

He + P + (P-) -+ He + (n/) +P + (P~) + e~. (1) 

Single ionization of He by energetic charged particles is well understood as long as He + 
remains in the ground state [10]. However when the He + goes to the excited state the 
situation becomes quite fascinating. Several theories exist to explain double ionization 
(DI) by charged particles, but the quantal calculation on BE [11, 12] is still rare. McGuire 
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Figure 1. Feynman diagram for ionization-excitation of He by projectiles of charge 
Z. e^ represents bound electron. e~ is the ionized electron, (a) Shake-up mechanism, 
(b) two-step-one mechanism, (c) two-step-two mechanism. 



[13] and Ford and Reading [14] have suggested that IE, being a two-electron process like 
DI, can be treated by the same model calculation as DI. McGuire has identified collision 
mechanisms responsible for DI. These are the shake-up (SU) process and the two-step 
(TS) process. In the present work we shall compute the SU and TS processes in a field 
theoretic way. 

The high energy charged projectile interacts with the electron cloud of the He atom 
ejecting one electron and leaving behind He + in an excited state. Feynman diagrams 
representing SU mechanism (figure la) corresponds to ejection of electron due to the 
current - current interaction between one of the bound electrons and the fast projectile, 
and excitation of the second electron due to change in the Coulomb field of the nucleus. 
The correlated wave function [15] takes care of the Coulomb effect. In principle, SU 
mechanism arises out of the static correlation between the two bound electrons. The 
second order Feynman diagram with one virtual photon exchange and the corresponding 
second order S-matrix giving the SU amplitude can be identified with the first order Born 
term as given by McGuire. Under TS process there are two fourth-order Feynman 
diagrams namely two-step- 1(TS1) and two-step-2 (TS2). The TS1 mechanism (figure Ib) 
arises out of the dynamic correlation between the ejected electron and the bound electron. 
In the TS1 mechanism virtual photon exchange between the projectile and the atom 
causes ejection of one of the electron. The ejected electron in turn exchanges a virtual 
photon with the remaining bound electron raising it to the excited state. The TS2 
mechanism (figure Ic) is a case of double collision between the projectile and the He 
atom. Projectile exchanges two virtual photons with the target causing simultaneous 
ionization and excitation. TS amplitudes can be identified with. the second order Born 
terms in matter-radiation field coupling. Unlike McGuire's TS amplitudes, present TS 
amplitudes cannot be taken as the products of 5-matrices for single ionization and 
excitation. TS1 and TS2 both contain two virtual photon propagators and one particle 
propagator. The particle propagator in the TS1 amplitude is an electron propagator 
necessarv for dvnamic correlation between the outcome electron and the bound electron 



the TS1 and TS2 terms, and the term due to interference between SU and TS, will be at 
variance with that obtained from usual quantum mechanical methods. The SU and the 
TS1 amplitudes contain Z (projectile charge), while the TS2 amplitude contains Z 2 as 
factor. The interference of TS2 with SU and TS1, which is proportional to Z 3 , causes 
differences in IE of He by protons and antiprotons. 

In the present paper we find that for projectile energies from 1-3 MeV/amu, the total 
cross section for BE by antiprotons becomes greater than that by equivelocity protons by a 
factor of two, only when the maximum limiting value of the energy E\ of the ejected 
electron is less than 39.5 eV. We have presented here the total cross section (TCS) for IE 
of He to 2p-state, as well as the differential cross section (DCS) with respect to E\ . 

For like-charge projectile (p~,e~), the present theory predicts decreasing cross section 
with increasing mass. In the absence of any theoretical calculation we have compared the 
present result with the existing experimental data [16, 17]. IE by electrons is also 
presented. The experimental data by the two groups [16, 17] do not agree among them- 
selves. Fuelling et al and Pederspn and Folkman had declared uncertainties to the extent 
of 10% and 20% respectively in their data. 

The interaction 5-matrix is computed between the initial and the final bound state 
vectors |^} and |$ f ) respectively [18]. 



= (27T) 1 / 2 ex P (/*oWi(*,j, R)C+ C;|0), (2) 

+a+\0), (3) 



where r\ = ri-R,y = r 2 ~R.ri, r z and R are respectively the space coordinates of the 
two electrons and CM of the He atom. L(LQ, L) and R(R Q , fl)are the 4-momentum and the 4- 
coordinate respectively of the CM. Cp,'s and a p 's are the annihilation operators of the 
electrons and charged projectiles respectively with u(p\] and U(p) being the corresponding 
spinors. 

The bound electron current at ri is 



n- (4) 

The projectile current at r is 

W)r=(^7^) r . (5) 

& e , *, and ^ are respectively the state vectors for ionized-electron, bound electron and 
the projectile of charge Z. D(r - r{] is the photon propagator. S e (r 2 - r 1 ^ is the electron 
propagator in figure Ib, and S^r 1 - r} is the projectile propagator in figure Ic. The S- 
matrices corresponding to different diagrams are given below [19]. 



5J 1 = Ze\ n ,S e (r\ - r^^ f (J^r 2 D(r - ri )D(r 2 - r{) : (7) 



Sf = ZW^S Z (/ - r}^ z (Jl}r 2 (J^ ri D(r - ri )D(r' - r 2 ). (8) 

The probability amplitude for IE will be given by 



(10) 



C is a function of the incident projectile momentum and 

| W z \ 2 = (Ze 2 ^ + Ze 4 K 2 + Z 2 e 4 K 3 ) 2 . 



(11) 



The three terms in W z are contributions from the three mechanisms SU, TS1 and TS2 
respectively [20]. fCs contain the products of spinors and propagators. It is obvious from 
W z that the cross section will contain a term proportional to Z 3 that will be responsible for 
any difference in the cross sections between the negative and the positive projectiles. The 
dominant contribution from W z is 



\W\ 2 = 



[Z 2 X 2 



nl - Z 3 6ire 2 /{F nl (E ls /E l - 1)}], 



where 



E 
- 



= ls 2 C n l 
I ^1 + 1^ 

[ 2E~~ 



and E\ is the energy of the ejected electron, E is the projectile energy, ls 2=2e\ s = 
79.0 eV. 

By negative projectile, IE is found to be a factor of two, larger than that by the 
equivelocity positive projectile in the collision energy range 1-3 MeV/amu. The present 
result is shown in figures 2, 3 alongwith the existing experimental results [16, 17]. 
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Figure 2. Total cross section for ionization-excitation of He to 2/?-state versus 
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Figure 3. Same as in figure 2 for present result with projectiles. e~, -*-; p~ 



3.2 Use ofQED in Coulomb gauge: Radiative recombination (RR) of cold electron with 
proton 

Spontaneous radiative recombination (SRR) of electron with proton with the spontaneous 
emission of photon of continuous spectrum via the reaction channel 

p + + e-->H(ls) + 7 (12) 

is known for a long time. Kramer [21] calculated the SRR cross section in 1923 in a 
semiclassical approach. The quantum mechanical first-order perturbation theory for the 
same problem was devised by Gordon [22] and implemented by Stobbe [23]. Same calcula- 
tion also holds good for the formation of antihydrogen from antiproton and positron. Pajek 
and Schuch [24] have studied the process in a non-relativistic dipole approximation. 
Experimentally RR are being investigated in the range 10~ 4 to leV by a group in 
Stockholm [25]. Experimental data are usually compared with Kramers' results at low 
energies applying correcting Gaunt factor. However, Kramers-Gaunt approach system- 
atically yields results smaller than the experimental data [25]. 

To reduce the gap between the experimental and the theoretical results we have argued 
that the emitted photon can have both the continuous spectrum as well as discrete 
spectrum. A new channel 

;> + +e-^H(n/?)->H(ls)+/ii/ (13) 

namely two-step-radiative recombination (TSRR) channel (13) is considered over and 
above the existing SRR channel (12). In TSRR channel recombination occurs in an 
intermediate excited state and to conserve momentum it comes to the ground state with 
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Figure 4. Radiative recombination rates a srr and a krr for SRR and TSRR processes 
respectively. 

emission of a discrete photon. We have computed RR cross sections via both the channels 
in a field theoretic approach in Coulomb gauge. In the SRR channel dominant contribu- 
tion comes from the recombination into Is and 2s states and compares well with the 
results of Kramers-Gaunt-Stobbe. Recombination into 1p state is several order smaller 
than that into Is state. Recombination via TSRR channel into Is state with 2p and 3p as 
the intermediate state are computed. The sum of the contributions of the radiative recom- 
bination rates from SRR and TSRR channels are found to agree fairly well with those of 
the experimental results [25] (figure 4). 

The state vectors of the interacting systems in the initial and in the final states are 
respectively [3] 



(14) 



and 



where c + ,a\ and b are the creation operators for electron, proton and photon 
respectively, g-functions are the Fourier transform in momentum space of the solutions of 
the Schrodinger equations of the interacting particles. For the TSRR channel the state 
vector at the intermediate state is 



(15) 



(16) 



Interaction terms: 5-matrix for the two body radiative recombination is 
S = 1 +H, +Hi+H l H l +H l H 2 +H2H 2 + , 



A(x) = (^nc 2 /ujk}u ff {c k exp(-z7:.jt) + c+ zxp(ik.x)}. (18) 



The Coulomb attraction HI between e~ and P + (D + ) to form the virtual intermediate 
excited state in the TSRR process is 

H 2 = J{p(x}a(x f }/\x - *'|}d 3 ;cdV. (19) 

p(jc), ff(x f ) are the charge densities for electron and proton respectively, 



The electron and proton field operators are respectively 

<(*) =]T / fl *Xr exp(fcjc)d 3 5, (y) = ]T /" 5jA r exp^ y)dV. (20) 
r y r ^ 

From (16) the lowest order perturbation responsible for SRR and TSRR are respectively 
HI and #i#2- The matrix element for the formation of atom at sub-zero temperature are 
given below. 

Two-body radiative recombination: 

(i) SRR channel: The amplitude MSRR for SRR process calculated using dipole 
approximation 



= C(-im/k)nck(V f \ctP\Vt) sine. (21) 

9 is the angle between the relative momentum p between electron and proton, and 
momentum k of photon, 



After integration over the momentum space 

M SRR = C(-im/H) I (j> n i(r)r cos 6V c (r) sin 6>d 3 r. (22) 

0n/(r) is the wave function of electron in the bound state of the hydrogen atom. \I> c (r) is 
the distorted plane wave of the electron 



The SRR cross-section for the formation of hydrogen atom into n/-state 

6(E t - E f }\M SKR \ 2 d 3 kd 3 p'. (23) 



UWJ. fjj 31O.IX/3. 



(ii) TSRR channel. The matrix element for the two step process is 

(*/[#! I*;) (V&..| 

MTSRR = - r- - p , . i 

[E; - / + IT?] 



where Af^ is the amplitude for Coulomb recombination into virtual intermediate state and 
M\ s is the spontaneous decay amplitude from the nl intermediate state into Is state. 

M\ s - (V f \Hi I*/} = C(-im/h)hv n i-> ls j #!,(r)r cos 0*/(/r) sin 0d 3 r, (25) 

t - Q c )J nl , (26) 

(27) 
The cross section for the two step radiative recombination becomes 

^TSRR(^) = (W^) f $& - /)(m/H|p|)(27r)- 5 |M TSRR l 2 d 3 fcdV 

= T n li 1 /(2 7 r)- 3 (m/%l)/(< ~ /)- 2 ^dV, (28) 

where the decay rate r^^ of nl * Ij state is given by 

2 (27r)- 3 d 3 *. (29) 



At relative energies less than 1 eV, the TSRR cross section via intermediate 3p-state is one 
order higher than that via intermediate 2p-state. 

Recombination rate: For monochromatic beams of electron and proton with relative 
velocity v,-, the recombination rates a srr and a tsrr via SRR channel and TSRR channel 
respectively are given below. 



asn. and atsrr are shown in figure 4 along with the experimental results. It is obvious from 
the diagram that the experimental data lie closer to the curve for the rate sum cc^ -j- atsrr- 
As the energy increases above lOmeV, a tsrr dominates over a srr . 

4. Conclusion 

The above two examples amply show the flexibility of QED in containing both the low 
and high energy collision phenomena in the atomic domain. 
Unlike single ionization the IE of He depends on the charge signature of the projectile. 

inh.rfp..nr* tprm nf th* TS7 amnlihiH^ with thnsft nf STT anH TS1 u/hir.b is 



projectiles. Further, as the mass term enters into the SU amplitude, IE by electron is 
different from that by antiproton. Present result agrees in principle with that of the 
experimental result [16, 17] and with the theoretical prediction of McGuire [12]. 

For the radiative recombination (RR) of cold electron with proton to form hydrogen or 
RR of cold positron with antiproton to form antihydrogen, present results from SRR and 
TSRR channels compare well with the experimental results which are higher than the 
existing predictions from SRR channel alone. 

We like to conclude that the field theory, which can explain most of the fundamental 
processes in nature, provides a compact and elegant tool for calculating the atomic and 
ionic collision problems. 
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1. Introduction 

The past few years have seen considerable advances in the experimental and theoretical 
study of positron-atom collisions. On the theoretical side these advances have been 
associated primarily with the development of coupled-state methods for positron collisions 
with one-electron atoms, i.e., with atomic hydrogen and, in a frozen core approximation, 
the alkali metals. For these systems there now exist computer programs capable of using 
large numbers of eigenstates and pseudostates. Here, we shall confine our attention to the 
achievements of this coupled-state approach. This method has been pioneered by Ghosh 
and collaborators at the Indian Association for the Cultivation of Science in Calcutta. For a 
previous, but recent review containing substantially more references, see [1]. 

In what way does positron-atom scattering differ from electron-atom scattering? 
Consider positron scattering by ground state atomic hydrogen. The following processes 
are possible: 

e + + H(ls) > e + + H(ls) Elastic scattering 
> e + + H(nlm) Atom excitation 
> e + -f- e~ + p lonization 
> p + 7 rays Annihilation 
>Ps(nlm) -\-p Positronium formation. (1) 

The first three reactions are in common with electron scattering but the last two are 
nartir.ular to the nositron. Of these two reactions, oositronium formation is the most 



tne existence 01 me posiiromum rormaaon cnanneis inai reauy maKes me ainerence. 
Positronium fonnation is a two-centre rearrangement process in which an electron is 
transferred from a bound orbital centred on the atomic nucleus to a bound orbital around 
the moving positron. The positronium atom thus created is in essence a very light 
hydrogen atom of mass [2] 2au and reduced mass 1/2 au. In electron-atom scattering one 
has to deal with the rearrangement process of electron exchange between the incident 
electron and the target electrons, here, however, the exchange is associated only with a 
single centre, the atomic nucleus. Theoretically, this one-centre electron exchange is very 
much easier to treat than the two-centre positronium formation, that is the fundamental 
technical challenge posed by positron-atom scattering. While we shall not be concerned 
with the annihilation process here (see (1)), it is worthwhile to remark that it provides a 
very stringent test of the quality of the calculated collisional wave function. The 
annihilation cross section depends critically upon the correlation between the positron and 
the atomic electrons, requiring a knowledge of the values of the collisional wave function 
when the positron and electron positions coincide. For atoms containing two or more 
electrons, reactions more exotic than (1) are possible, for example, Ps~ formation, transfer 
ionization (in which the atom looses two electrons, one to positronium formation, the other 
election being directly ionized), multiple ionization, etc. Experimentally, positron-atom 
collisions are considerably more difficult to study than electron-atom collisions because of 
the much lower intensity of presently available positron beams (typically 10~ 5 that of an 
electron beam). Usually the positrons are obtained from a radioactive /3 + decay source 
such as Na 22 or Co 58 . The positrons emerge isotropically from these sources with energies 
in the region of a few hundred keV and so require considerable moderation, with 
consequent loss of flux, to obtain a well defined monoenergetic beam of several eV which 
can be used in an atomic collision experiment. Another problem which complicates the 
experimental work is the detection of the neutral positronium atom. 



2, Coupled-state approximation for positron scattering by atomic hydrogen and the 
alkali metals 

We model the alkali atom in a frozen core approximation. The state of the atom is now 
synonymous with the state of the valence electron. The interaction of the valence electron 
with the core is represented by the local central potential 

(2) 

where r is the position vector of the electron relative to the nucleus and where we have 
explicitly removed the long-range ionic tail l/r e so that V e (r e ] is a non-Coulombic 
potential. Suitable model potentials of the form (2) for Li, Na, K, Rb and Cs may be found 
in the paper by Stein [3], In the frozen core approximation (2) the atomic Hamiltonian 
becomes 

H A -=- l -V 2 e ---V e (r e }. (3) 



The Hamiltonian, H, describing the positron collision with the frozen core alkali is 

H=-\Vt+H A + + V p (r p )- ] --- (4) 

^ 'p l l p ~~ l e\ 

where r p is the position vector of the positron relative to the nucleus and, in analogy 
with (2), 



(5) 
'p / 

is the interaction of the positron with the atomic core. The coordinates (r p ,r c ) used in 
writing (4) are those appropriate to positron-atom channels. When positronium is formed 
it is more appropriate to use the 'positronium coordinates' 

R = , tE=r,-r.. (6) 



Here R defines the centre of mass of the positronium relative to the nucleus and t is the 
positronium internal coordinate. In terms of (6), the Hamiltonian (4) may be equivalently 
written 



(7) 

In (7), |V| is the kinetic energy operator for the positronium centre of mass motion, 
Hp s is the positronium Hamiltonian 

#p s = -V, - - (8) 

and the remaining terms give the interaction of the positronium with the ionic core of the 
atom. Positron collisions with atomic hydrogen are obtained as a special case of (2) to (8) 
by setting V e = V p = 0. 

In the coupled-state approximation the collisional wave function \fr for the system is 
expanded as 

), (9) 



where the sum over a is over atom (valence electron) states ijj a and the sum over b is over 
positronium states $/,. These states may be either eigenstates or pseudostates. The first sum 
in (9) represents the atom channels and the second sum represents the positronium channels. 
It is interesting to note that if the sets of states ip a and fa were complete, then either 



or 

)&(t) (11) 



What matters then is how rapidly the different forms of expansion (9), (10) and (11) 
converge as the number of states is increased. A priori, it is to be expected that a mixed 
expansion such as (9) will be more quickly convergent as both the atom channels and 
positronium channels are being directly represented, this is indeed found to be the case. 
However, some interesting and very informative calculations have been made using the 
single-centre expansion (10) and a large basis of atom pseudostates [4,5]. 

In principle, the expansions (9), (10) and (11) should include both bound and continuum 
states of the atom/positronium. In practice, it is at this moment not feasible to deal with 
continuum eigenstates. Instead we introduce pseudostates. These are constructed so that, 
together with the retained bound eigenstates, they diagonalize the atom/positronium 
Hamiltonian, i.e., 



((j)b\Hp s \(/)b<) = E b &b,b> , (4>b\$v) = <W- (12) 

We do not distinguish between true eigenstates and pseudostates in our notation, using i/j a 
and <pb for both. A true eigenstate satisfies not only (12) but also 

H^ a = Corfu, #Ps& = E b <ft b . (13) 

While pseudostates obey (12), they do not satisfy (13). Figure 1 shows a typical eigenstate 
energy spectrum for the atom or positronium, consisting of a discrete part, containing an 
infinite number of states converging to the ionization threshold, followed by a continuous 
spectrum [6]. The eigenvalues e a and E b of (12) will in general be both positive and negative. 
When an eigenvalue corresponds to a pseudostate we call it the 'pseudostate energy'. 
Pseudostate energies will be distributed throughout both the discrete and continuous parts of 
the eigenstate energy spectrum as shown in figure 1. We can think of a pseudostate as being 
a 'clump' or 'distribution' over eigenstates with the average energy of the 'clump' being the 
pseudostate energy [7]. Accordingly, we introduce an energy distribution function / a (e) for 
the pseudostate ty a by defining 

/ fl (e) = KVhk)l 2 , (14) 

where by ifj f we mean an appropriately normalized [8] eigenstate, either bound or 
continuum, with energy e and with the same angular momentum quantum numbers as the 
pseudostate tjj a . Formula (14) is just the probability that if} a contains the eigenstate ij) . In 
general the spectrum f a (e) will consist of discrete parts, corresponding to the overlap of 
tf) a with discrete eigenstates, and a continuous segment. The fraction of the continuum 
contained in the pseudostate if} a is 

/>oo 

a a = /a(e)de=l-VV a (e m ), (15) 

Jo V 

where the sum on m in (15) is over all bound eigenstates with energy e m . The quality of a 
pseudostate set may be gauged by how well the pseudostate energies are distributed 
throughout the eigenstate spectrum, figure 1. As the number of pseudostates is increased 
the distribution of oseudostate enereies can be made denser and sr> the. division nf thp 
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eigenstates into the 'clumps' which we call pseudostates will become finer, with the result 
that we approach closer to the ideal of an eigenstate expansion. Surprisingly, in practical 
terms, this ideal is achieved more quickly than one might suspect, with a manageable 
number of pseudostates giving a satisfactory representation for most purposes. An 
inadequate density of pseudostates gives unphysical structures, called pseudostructures, in 
the calculated cross sections. This was a problem which dogged early pseudostate calcula- 
tions of electron-atom scattering which did not have the computing power to incorporate 
enough states. With increasing density of pseudostates these pseudostructures get smaller, 
until eventually they become negligible. 

Pseudostates are usually constructed by diagonalizing the atom/positronium 
Hamiltonian in a basis of Slater type orbitals 

n_Ar/2y /~\ !\fi\ 

' c * lm\ l ) i v y 

where r stands for r e or t as appropriate, / is the angular momentum of the state, n is an 
integer with n > /, and A is a parameter which need not be the same for all basis functions 
(16). It is convenient if the basis can be expanded in a systematic way, for example, by 
using the same A for all terms with the same /, taking n = 1,1+ 1 , . . . , Af, and letting N 
increase. However, as the powers of r" go up, this leads to numerical linear dependence 
problems. This numerical difficulty can be overcome by adopting a Laguerre basis 



A 3 (n-/)! \ 



1/2 



(17) 



where L^(x) is a Laguerre polynomial as defined in Gradshteyn and Ryzhik [9]. Mathe- 
matically the basis (17) is identical to (16) for the same range of n, i.e., it includes exactly 
the same powers of r multiplying e~ Ar / 2 . Numerically, however, it is much more satis- 
factory in that the functions (17) are mutually orthogonal for different n and the Laguerre 
polynomials can be generated from a recurrence relation [9] instead of having to be 
evaluated as a sum of powers of r, which, numerically, would be equivalent to using 
(16). With the basis (17) there is no problem in diagonalizing the atom/positronium 
Hamiltonian, for a given /, using 100 or more states [10]. By contrast the basis (16) can fail 
if the number of states exceeds 15 or so. 



Let us now return to the expansion (9). The coupled equations for the functions F a (r p ) and 
Gi(R) are obtained by substituting (9) into the Schrodinger equation with the Hamiltonian 
(4)/(7), projecting with ip a (f e } and <&,(t), and using (12). The resulting equations are 



(18) 



(Vj - 2V,(r>) + k 2 a )F a (r p ) = 



(Vj + P 2 b )G b (R) = 



where * stands for complex conjugation and where we assume that the positron is incident 
with momentum ko upon an atomic state of energy Q so that 



(20) 



The potentials V aa '(fp) and t/&,'(R) are the direct potentials in the positron-atom and 
positronium channels respectively and are given by 



1 



l"n 



(21) 



|R-jt 



V n 



*4 



(22) 



However, the most interesting components of (18) and (19) are the non-local couplings 
K a b(r p ,R] which have the form [11] 

ff lt\ C)l\ 

\r p ,K), (2.5) 



where 



V p (r p ] - 

- T p )<t> b (2r p - 2R) 



2R)] 



2R) , 



(24) 
(25) 



K% (r,, R) = 40*(2R - !>)<&, (2r p - 2R) 

md the operation Vj; is to be carried out holding R fixed. It is the terms (23) which give 
ise to positronium formation. The coupling J?" fl t(r p ,R) describes positronium formation 



and 
rise 



into the coupled equations (18) and (19) which make the theoretical treatment of positron- 
atom collisions so much more difficult than the sister subject of electron-atom scattering. 
As stated earlier, the difficulty is the two-centre nature of K ab (r p ,R} which, in (24) and 
(25), is apparent in the product V>*(2R - r p )</> fo (2r p - 2R). For an atom containing more 
than one electron equation (19) is even more complicated. To the right hand side of (19) 
must then be added a term [12] 

(26) 

This term describes electron exchange between positronium in the state (j> b > and the atomic 
ion, resulting in positronium in the state <j> b . The positronium exchange kernels L w (R, R') 
are even more complicated to deal with than the positronium formation kernels and only 
the Calcutta group of Ghosh and co-workers has made substantial progress in 
incorporating them into calculations, for positron-He scattering [13-15]. The absence of 
positronium exchange kernels is one advantage of working with one-electron systems. 

The coupled-equations (18) and (19) are solved in the partial wave representation where 
they take the form [11] 

/^ <V ^ - 9 V Y^' V JLL ' ( r \ 

^ ^ p) ~ 2-s 2^ V n a l a ,n a ,l a , ( r p) 



E 

n bl l b ,L'=\J-l b ,\ 



r- 
KlZ^h'QgZbWM* (27) 

J 



E 



E 

L'=\J-l t 



r 

J 



where 



J , m a 



/ n,- mb (K}U b (R)Y L ^(R)dR, (30) 



m a nib 



the state ip a (r) (<pb(i)), ie, 

VUO = Rn a i a (r)Y lama (r], <j> b (t) = S nblb (t}Y lbtnb (t}, (32) 

where 7/ m is a spherical harmonic as defined by Rose [16] and unit vectors are denoted by 
a 'hat', L(L') is the orbital angular momentum of the scattered particle (positron or 
positronium) about the nucleus, and C(j\Ji,j-$\m\,m.2,m-$} is a Clebsch-Gordan coeffi- 
cient as given in Rose [16]. A channel is therefore specified by the quantum numbers 
JLn a l a for a positron-atom channel and JLriblb for a positronium-ion channel. In writing 
(28) we have also used the fact that K^ nhlh (r p .R} is real. 

One of the main difficulties in solving the coupled equations (27) and (28) is to render 
the positronium formation kernels K J n ^^ nblh (r p ^R} into a computable form. To illustrate 
what is involved we consider the procedure used by Walters and co-workers [11]. A 
typical term from (23) has the structure 



(33) 
where cos is the cosine of the angle between r p and R. For example, the term 

- 2R) (34) 



(35) 
^ 



in (24) has the structure (33) with 

' 



, ,., 
|2R-r p |" VP 2r P -2R|, |2r p -2R| 

In calculating (31) we therefore have to evaluate integrals of the form 



x |2r p - 2R| /i 7,, W6 (2r;^2R)^,_ m ,(R)dr / ,dR. (36) 



This can be done analytically if everything can be written in terms of spherical harmonics 
of f p and R only. For A(r p ,/?, cos#) this is no problem since we can expand as 

oo +A 

A(r p ,*,cos0) = 27r^ A A (r p ,tf)y^(r p )y A/t (R), (37) 

A=0 ju=-A 

where 

r 

A x (r p ,R}= I A(rp,/e,cos0)PA(cos0)sin0d0 (38) 

Jo 

althougjuhe projection^38) has to be calculated numerically. For the spherical harmonics 
in (2R - r p ) and (2r p - 2R) we need the result 



/ +A 

i i/T/ / --- \ ~^ 

ir, - r 2 | y to (r, - r z ) 



tially very useful generalizations. Using (33), (37) and (39) a computable expression, 
containing only a finite number of terms, may be deduced for (31). 

Two main options exist for solving the partial wave coupled equations (27) and (28), to 
solve them in coordinate space, as they presently stand, or to transfer to momentum space 
and solve for the corresponding partial wave r-matrices. The coordinate space approach 
has been used by Higgins and Burke [19] and by Walters and co-workers [11] who have 
both adopted the /?-matrix procedure [20], and by Gien and Liu [21] who have employed 
the Harris-Nesbet algebraic variational method. The /^-matrix technique is good at low 
and intermediate energies where positronium formation is important and is efficient at 
giving a detailed picture of cross sections over the energy range. In the momentum space 
formulation coupled integral equations are obtained for the r-matrix elements in which 
the driving terms are first Born amplitudes. As a result, the first Born approximation is 
guaranteed and so this approach has advantages at high energies. The momentum space 
formulation for positron-atom scattering was pioneered by Mandal, Ghosh and Sil [22] 
and is also the basis of the calculations by Hewitt, Bransden and Noble [23] and by 
Mitroy and Stelbovics [24]. 



3. Illustrative examples 

3.1 Positron scattering by atomic hydrogen 

Positron scattering by atomic hydrogen is the simplest possible system and has therefore 
attracted most attention. In figure 2 we show some samples from the 18-state Ps (Is, 2s, 3s, 
4s, 2p, 3p, 4p, 3d, 4d) + H(l5, 2s, 3s, 4s, ^p^^^J^J^calculation of Kernoghan et al 
[25] in which Is, 2s and 2p eigenstates and 35, 45, 3p, 4p, 3d and 4d pseudostates, both of 
positronium and atomic hydrogen, have been used in the expansion (9). The feature to note 
here is the 'lumpiness' of the Ps(2p), H(2s) and H(2p) cross sections. These are 
pseudostructure effects as mentioned in 2. Also shown in figure 2 is the 33-state Ps(l5, 
2s, 2p) + R(ls, 2s, 3s to 9s, 2p, 3pto9p,3d to 9d, 4/ to 9f) calculation of Kernoghan et al 
[26]. By contrast, the 33-state cross sections are very much smoother than the 18-state 
numbers, demonstrating the fact that pseudostructure decreases as the density of 
pseudostates is increased. It should also be noted that a suitable average through the 
pseudostructure in the 18-state curves would give an answer close to the 33-state results. 
Since pseudostates are primarily designed to represent continuum channels, it is of 
special interest to see what is predicted for the ionization cross section. Figure 3 shows 
the 18-state prediction of Kernoghan et al [25]. Here the ionization cross section has been 
calculated from the ansatz 



where the sum on i(j) runs over the 3s, 45, 3p, 4p, 3d and 4d pseudostates of atomic 
hydrogen (positronium), 0^(0 (0ps(/)) is the cross section for exciting the z'th (;th) 
pseudostate of atomic hydrogen (positronium) and a, (ai) is the probability (15) that the ith 
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Figure 2. 18-state [25] (dashed curve) and 33-state [26] (solid curve) results for (a) 
Ps(lj) formation, (b) Ps(2p) formation, (c) H(2s) excitation and (d) H(2p) excitation. 
Solid squares are the multipseudostate close-coupling results of Walters [27]. 



O'th) pseudostate overlaps the eigenstate continuum [28]. The computed cross section is in 
quite good agreement with the measurements of Jones et al [29]. Also shown in figure 3 is 
the contribution to u ion coming from the atomic hydrogen pseudostates alone, ie, see (40), 

(41) 



This amounts to little more than 50% of cr ion , demonstrating that, in the energy range 
shown, the ionization is carried almost equally by the positronium and atomic hydrogen 
pseudostates. Again, the lumpiness in the curves of figure 3 is pseudostructure. 

One obvious difference between the 18-state and 33-state approximations is the use of 
both positronium and hydrogen pseudostates in the former case, but only hydrogen 
pseudostates in the latter. Because the atomic hydrogen and positronium components of 
the system wave function (9) are not orthogonal, it is possible that the ansatz (40) may 
involve double counting between the positronium and hydrogen contributions. It was to 
avoid this ambiguity that Kernoghan et al [26] decided to use pseudostates only on the 
atom centre in their 33-state approximation. Then, the ansatz (40) reduces to 



(42) 



Positron scattering by atoms 



[_ u*l I 1 I I I I I ' - ' I I I I I II I I II , \ , , , 




10 20 30 40 50 60 70 80 

ENERGY (eV) 

Figure 3. lonization cross section as calculated in the 18-state approximation of 
Kernoghan et al [25 J: solid curve, full cross section (40); dashed curve, contribution 
(41) from atomic pseudostates alone; solid circles, experimental data of Jones et al [29]. 



and there can be no double counting. Interestingly, the two ionization cross sections, ie, 
18-state and 33-state, turn out to be quite comparable, compare figures 3 and 4(b). 

Figure 4 shows the agreement that can now be obtained between theory and experi- 
ment for positron scattering by atomic hydrogen. Here the 33-state results of Kernoghan 
et al [26] are compared with the positronium formation and total cross section 
measurements of Zhou et al [30] and with the ionization cross sections of Jones et al [29]. 
It is not unreasonable to say that the agreement between theory and experiment is very 
good. 

Figure 5 shows the total cross section and its main components as calculated in the 33- 
state approximation. This picture underlines the power of the coupled-pseudostate method 
which gives simultaneously information on all processes. We see from figure 5 that 
between 8.5 and 35 eV positronium formation is the main contributor to the total cross 
section, while, above 35 eV ionization and H(2p) excitation are the largest components 
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Figure 4. Positron scattering by atomic hydrogen: (a) total positronium formation; 
(b) ionization; (c) total cross section. Solid curve gives the 33-state results of 
Kernoghan et al [26]. Experimental data are from Jones et al [29] and Zhou et al [30]. 
The measurements of Zhou et al are shown only with statistical errors, for estimates of 
other errors see [30]. 



3.2 Positron scattering by the alkali metals 

As the ionization potential of an alkali atom is typically around 5 eV, and as the binding 
energy of Ps(ls) is 6.8 eV, unlike atomic hydrogen, Ps(ls) can be formed for all impact 
energies of the positron on the alkali atom, i.e., the process is exothermic. A consequence 
of this is that the PS(!J) formation cross section becomes infinite as l/k at zero impact 
energy [31]. 

Figure 6 shows a recent calculation of McAlinden et al [32] for positron scattering by 
Li in a Ps(ls, 2s, 2p) + Li(2j, 3s, 4s to 9s, 2p, 3p, 4p to 9p, 3d, 4d to 9d, 4f to 9f) 
approximation. This approximation is analogous to the 33-state approximation for atomic 
hydrogen discussed above. Figure 6 shows that elastic scattering is dominant at low 
energies [33], this dominance passing directly to the Li(2s) - Li(2p) excitation with 
increasing energy; ionization is seen to be almost negligible on the scale of the other cross 
sections. Comparing figures 5 and 6, we note that the Li cross sections are more than an 
order of magnitude larger than those for atomic hydrogen, also, unlike atomic hydrogen, 
the total positronium formation cross section is never dominant [33]. 
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Figure 5. Cross sections in the 33-state approximation [26]: upper solid curve, total 
cross section; long-dashed curve, total positronium formation; short-dashed curve, 
elastic scattering; dash-dot curve, H(2p) excitation; lower solid curve, ionization. 

Coupled-eigenstate calculations have shown a very interesting behaviour as we ascend 
the alkali metal sequence from Li to Cs. This is illustrated in figures 7 and 8 which show 
results for positronium formation and total scattering calculated in the approximations 
[11,31,32,34,35]: 

(i) Ps(ls, 2s, 2/?) + Li(2s, 2/7, 3s, 3/7, 3d) 
(ii) Ps(ls, 2s, 2/7) + Na(3s, 3p, 3d, 4s, 4p) 
(in) PS(!J, 2s, 2p, 3s, 3p, 3d) + K(4s, 4/7, 5s, 5p, 3d) 
(iv) PS(!J, 2s, 2p, 3s, 3p, 3d) + Rb(5s, 5p, 6s, 6p, 4d) 
(v) Ps(ls, 2s, 2p, 3s, 3/7, 3d) + Cs(6j, 6/7, 7s, lp, 5d). 

Figure 7(a) reveals a dramatic collapse in the ground state Ps(ls) formation cross 
section on ascending the series from Li to Cs, while figure 7(b) shows a corresponding 
inflation in the cross section for positronium formation in excited states. The overall 
effect is to give a total positronium formation cross section which is peaked at an energy 
of about 1 eV for Li and Na, but which displays a broad maximum near 6 eV for K, Rb 
and Cs, this is illustrated for Li and Cs in figure 7(c). Figure 8 also indicates a similar 
division between the total cross sections for Li and Na, on the one hand, and those for K, 
Rb and Cs on the other. The Li and Na total cross sections are peaked near 1 eV while the 
*r RK anrl Ts r.rnss sprtinns florin neak near 6eV. The broad maximum in these last 
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three cases derives primarily, although not entirely, from the peak in the excited state 
positronium formation cross sections of figure 7(b). 

Measurements of total positronium formation and total scattering have been made for 
Na, K and Rb targets by the Detroit group [36-40]. Generally the agreement between 
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Figure 8. Total cross sections for positron scattering by Li, Na, K, Rb and Cs. Curves: 
lower solid, Li; long-dashed, Na; short-dashed, K; dash-dot, Rb; upper solid, Cs. 

channels, we have, in effect, a complete dynamical theory. The success of this approach is 
well illustrated by the calculations of positron scattering by ground state atomic hydrogen 
where we have seen a remarkable convergence between theory and experiment, figure 4. 
For this system, we believe that we now know the main cross sections to a high degree of 
accuracy. Where ionization is not so important, as with the alkali metals, coupled- 
eigenstate approximations seem to give roughly correct results [32]. An important predic- 
tion to come out of these calculations is the pronounced growth in excited positronium 
formation as the alkali metal series is ascended from Li to Cs. This prediction awaits 
experimental confirmation. 
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Dissociative attachment of electrons to excited molecules 
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Abstract. The development and the first results from an experiment to carry out dissociative 
attachment to excited molecules are discussed. A brief summary of the relevance and status of such 
measurements are given. Apart from measuring the absolute cross sections from excited and state 
selected 862 molecule, we have been able to characterize the negative ion resonances using the 
excited state dissociative attachment. In addition, the state specificity of the electron attachment 
process has been used to derive information on the excited neutral state itself which has not been 
possible using optical spectroscopy. The applicability of this technique to other species are also 
discussed. 
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1. Introduction 

Dissociative attachment is a dominant process in the low energy electron-molecule 
interactions. This process is characterized by the resonant interaction of the electron 
with the molecule resulting in an unstable negative ion and its subsequent dissociation 
into neutral and negative ion fragments before it could decay through the ejection of 
the extra electron. Thus dissociative attachment has been used as a probe for studying 
negative ion resonant states (NIRS) in molecules. In addition, the two modes of decay 
of the negative ion resonant state, one through the electronic process (autodetachment) 
and the other through the nuclear motion (dissociation), makes the dissociative attach- 
ment process an ideal ground for investigating the coupling between the electronic and 
nuclear degrees of freedom. From a practical point of view, cross-sections for dissociative 
attachment of low energy electrons to molecules are very important for modelling low 
energy plasmas and various atmospheric processes, pollution control, the physics and 
chemistry of combustion and a variety of practical applications. For a large number of 
molecules these cross-sections have been obtained [1] and measurements using improved 
techniques are still being carried out [2]. However, as in the case of most other collision 
processes involving excited species, very little has been reported on dissociative 
attachment to excited molecules. This dearth of information has been due to the 
difficulties involved in preparing excited species in sufficient number densities. The 
dissociative attachment data from vibrationally and electronically excited molecules are 
all the more important due to the large changes in cross sections as a function of the 
vibrational levels and the selection rales for electron capture depending on symmetry 
nronerries resnectivelv. 



Increase in the dissociative attachment cross sections as a function of temperature of the 
target molecules was observed quite some time back. Measurements on this aspect have 
been carried out by a number of workers starting from Hickam and Berg [3] using both 
electron beam techniques [4] and swarm techniques [5]. Excellent reviews of these 
studies along with other aspects of dissociative attachment and negative ions has been 
given by Christophorou et al and Massey [1,6]. The theoretical treatment of the enhance- 
ment in the cross sections in dissociative attachment as a function of temperature was 
given by O'Malley [7]. His work on 62 showed that excitation of vibrational levels as a 
function of temperature was responsible for this observed behaviour. Even though he 
ignored rotational excitation, he could predict the threshold, magnitude, width, and 
energy position of the resonance accurately, thus showing the effect of rotational 
excitations to be negligible. 

A schematic of the dissociative attachment process is shown in figure 1 for the case of 
a molecule AB. When an electron of specific energy, E, interacts with the molecule, it 
gets captured forming the resonance. The energy range in which the electron gets captured 
is limited by the Franck-Condon overlap between the neutral state and the negative ion 
resonance. This resonance may decay by electron ejection or through dissociation as the 
potential energy surface is not bound along the internuclear axis between A and B. The 
electron detachment occurs all along the curve till the internuclear separation corres- 
ponding to the distance R c , beyond which the resonance cannot decay through electron 
ejection (also called autodetachment). It is important to point out that the negative ion 
resonance need not necessarily be a repulsive state. It may have a minimum in its inter- 
nuclear potential, in which case dissociative attachment may or may not happen 




internuclear distance 



Figure 1. Schematic of the dissociative attachment process for a molecule AB. The 
two vertical dashed lines defines the Franck-Condon region of the internuclear 
separation in which the negative ion resonance, AB~* is formed. The two horizontal 
dashed lines denotes the range of electron energy in which the electron is captured, 'd' 
shows the dissociation decay channel and 'a' shows the autodetachment decay channel 
of the resonance. R c is the internuclear distance beyond which autodissociation is not 



ejection. The dissociative attachment cross section, <JQ& can be written as the product of 
the cross section cr c for the electron capture resulting in the formation of the negative ion 
resonance and the 'survival probability', p. p is the probability that the negative ion 
resonance will decay via dissociation 

where E represents the incident electron energy. The capture cross section, <r c depends on 
the symmetry properties of the neutral molecule and the negative ion resonance and their 
Franck-Condon overlap, p depends on the mean lifetime of the resonance due to auto- 
detachment and the separation time of the dissociation fragments. Thus the dissociative 
attachment cross section is strongly dependent on the competition between the two modes 
of decay of the resonance, viz., autodetachment and dissociation. The survival probability 
can be explicitly written as [7-10] 



p(JB)=exp - 



R E 



Hv(R] 



dR 
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ex Pl -- 
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where F fl is the autodetachment width, RE is the internuclear separation at which the 
electron is captured, R c is the internuclear separation beyond which autodetachment is not 
possible, and v(R] is the relative velocity of separation of the dissociating fragments. r s is 
the time needed for AB~* to separate from RE to R c given by 



T, = 
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internuclear distance 

Figure 2. Schematic of the dissociative attachment from a vibrationally excited 
molecule AB. The two shaded regions show Franck-Condon regions corresponding to 
the zeroth vibrational level and a high-lying vibrational level. Other symbols are the 
same, as in figure 1. 
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are closer to R c (see figure 2). The corresponding r f would be smaller resulting in several 
orders of magnitude increase in p(E] and CT D A. 

3. Dissociative attachment to electronically excited states and selection rules 

The anisotropy in the angular distributions of negative and positive fragment ions 
produced by electron impact on molecules were attributed by Dunn [11] due to selection 
rules arising from symmetry constraints. He argued that since the interaction potential is a 
scalar sum of Coulomb terms, any symmetries existing prior to the collision must be 
preserved. For the dissociative attachment case, the incident plane wave represented by 
e' k r is symmetric with respect to all rotations about k and with respect to reflections in 
planes containing k. If the target molecule happens to have its internuclear axis aligned 
along k at the time of collision, depending on its electronic state the molecule has definite 
symmetries with respect to these operations. Since the symmetries of the entire system 
before and after collision has to be conserved, in order to have nonvanishing transition 
probability, the final molecular ion state must possess the same symmetries with respect 
to these two operations. Following these arguments he worked out the selection rules for 
dissociative attachment to diatomic molecules as a function of their orientation with 
respect to the electron momentum vector k. These selection rules has been used in 
identifying negative ion resonances and the angular distributions of the fragment negative 
ions in several situations [1,6]. More importantly, based on the selection rules, one could 
visualize that if the symmetry of the molecule is changed through electronic excitation, it 
could capture electrons leading to negative ion resonances which were not allowed to be 
formed from the ground state. This aspect has been highlighted by the work on 62 a l A g 
by Belie and Hall [13] in which they observed two new negative ion resonances that 
could not be formed from the ground state X E~. Bottcher and Buckley [14] has done 
calculations which shows that dissociative attachment to excited molecular hydrogen in 
c 3 n u metastable state could produce substantially larger quantities of H~ as compared to 
dissociative attachment from the low vibrational levels of the ground electronic state 
X S+ of H2. This may have a strong bearing on the H" production in hydrogenic plasmas 
when substantial numbers of the c 3 Ii u metastable HI molecules are present. 

4. Experiments on excited molecules 

4.1 Excitation of molecules 

Preparing excited molecules in a specific state in sufficient number densities is the biggest 
challenge to collision experiments on excited states. As discussed above experiments 
have been conducted by heating the target gases, leading to the formation of rotationally 
and vibrationally excited molecules. Heating populates various levels according to 
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Figure 3. Schematic of various optical pumping techniques used for creating excited 
states. X is the ground state and the letters a, b, c and d are excited levels. 



Boltzman distribution. DC, RF or microwave discharges have been used for producing 
molecules in excited states. But here again a mixture of states are populated. However 
microwave discharge has been used to produce a rather clean mixture of the excited 
metastable level O2 ( l &g) with O2 molecules in the ground state for various collision 
experiments [12, 13, 15]. 

The development of high power and tunable lasers have opened up the possibility of 
using optical pumping techniques for preparation of excited molecules in sufficient 
number densities. A variety of schemes have been used in this respect. The first one is the 
simple optical excitation in which the ground state molecules are excited by photo- 
absorption to a higher level (figure 3a). This technique is useful for populating excited 
electronic states or a very low lying vibrational level of the ground electronic state. If the 
higher electronic state formed on photoabsorption is short-lived it may decay back to any 
of the lower levels through fluorescence (laser induced fluorescence or in short LIF) as 
shown in figure 3b. In the case of molecules, the LIF process leads to the population of a 
mixture of vibrational levels of the lower electronic state to which fluorescence occurs 
depending on the Franck-Condon overlap of the excited state with the lower state and in 
many cases this process has been used to populate higher vibrational levels of the ground 
electronic state. More efficient and selective population of the vibrational levels may be 
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called stimulated emission pumping may be able to transfer as much as a few tenths of the 
population from the ground vibrational level to a higher vibrational level. The most 
sophisticated technique used for transfering population to a higher level is the STImulated 
Raman Adiabatic Passage (STIRAP) [16]. This technique shown in figure 3d is capable 
of transfering almost the entire population to a specific excited state and has been used in 
creating excited vibrational level populations in Na 2 [16], NO [17], and SO 2 [18]. 

DA studies from vibrationally excited SF 6 [19], Li 2 [20] and Na 2 [16] produced by 
optical pumping and from vibrationally excited HC1 and HF produced by laser photo- 
dissociation [21] have been reported. Measurements involving electronic excitation of the 
neutral state by optical pumping have been done on NO [22], CeH 5 SH [23], SO 2 [24] and 
NO, H 2 and D 2 [25, 26]. Electron attachment to laser irradiated H 2 [27] and triethylamine 
[28] has been carried out recently. However, these measurements have been qualitative in 
nature and no absolute cross-sections have been reported from specific excited states. In 
fact, in most measurements involving lasers, the term 'laser enhanced dissociative attach- 
ment' has been used and as the name suggests these have been focused on the qualitative 
enhancements in the dissociative attachment cross sections. 

From the above discussions it is clear that there has not been much success in studying 
dissociative attachment to excited molecules in a systematic way. Also a method to 
measure absolute cross sections for dissociative attachment from excited molecules has 
not been worked out yet. Considering this, we have initiated a programme to study 
dissociative attachment to excited molecules. In the following sections we describe our 
experiments and the results obtained on dissociative attachment to electronically excited 
S0 2 molecules. 

4.2 Experiment on SOi 

The combination of a pulsed electron beam and pulsed ion extraction technique in 
conjunction with a segmented time-of-flight spectrometer has been found to be ideal for 
measuring absolute cross sections in dissociative attachment and ionization experiments 
using electron impact [29, 30]. The basic philosophy in such an apparatus is to collect all 
the fragment ions which are likely to be produced with kinetic energies of several 
electron volts using fairly large electric fields and transport them to a detector through a 
mass spectrometer without discrimination against their mass to charge ratios and initial 
kinetic energies and angular distributions. The ion extraction field required to collect all 
the ions is generally very large (typically, about 100 V/cm). Such a large field could be 
employed only by having it in a pulsed form and out of phase with the electron beam 
pulse so that the electron beam does not get affected by it. The appropriately designed 
segmented time-of-flight spectrometer acts as an electrostatic lens assembly transporting 
without loss, rather divergent beam of ions entering it to the detector. 

This technique of pulsed electron, pulsed ion extraction is ideal for studying excited 
states as the high power lasers that could be used for excitation are pulsed in nature. In 
our experiment so far we have used a pulsed excimer laser. However the provision exists 
for using the excimer laser to pump a tunable dye laser with frequency doubling facility 
which in turn could be used to produce the excited states. The measurements were carried 
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Figure 4. Schematic of the experiment for dissociative attachment to excited 
molecules, a: The experimental set up. b: The pulse control and data acquisition 
electronics. The computer control of the experiment including electron energy scan 
control and the details of the data acquisition are not shown. TAC/SCA represents the 
time to amplitude converter and single channel analyser and PHA/MCS represents the 
pulse height analyser and multi-channel sealer, c: The pulse sequence. The numbers 1, 
2, and 3 corresponds to those in 'b'. 

out in a triple crossed beam geometry in which the pulsed beam of laser excited the 
molecules in an effusive beam. A pulse of electrons intersected this effusive beam imme- 
diately (within a few tens of nanoseconds) following the laser pulse. The ions produced 
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4.3 Selection rules and resonances in SOi 

Dissociative attachment to 862 in its ground state has been found to produce O~, S~, and 
SO". Of these O~~ and SO" channels have relatively large cross sections as compared to S~ 
channel [32]. Two major resonant features have been observed in all these ion channels, 
one between 4 and 5 eV and the second one slightly above 7 eV. Since the resonances 
appear in all the three channels approximately at the same energies, it is believed that all 
the three ionic channels arise from the same two resonances observed at these two energies. 
There exist no further information on the nature and symmetry of these resonances. 

Our results on the cross-sections for the formation of O~ and SO" from the excited 
state are given in figures 5 and 6 respectively along with those from the ground state. The 
formation of S~ from the excited state was too weak to make any reliable measurements. 
It is found that the resonance attachment to the excited state gives rise to new peaks in the 
0~ and S0~ data at electron energies shifted approximately by 4 eV from the first peak 
observed from the ground state molecules. The laser enhanced dissociative attachment by 
Jaffke et al [24] have made a similar observation. 

The most noteworthy part of the results is the absence of a second peak due to 
dissociative attachment to the excited state. One would expect to see additional peaks at 
about 3 eV in both the O~ and SO~ data due to DA to the excited molecules corres- 
ponding to that seen at about 7eV from the ground state. It may be argued that the 
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Figure 5. The dissociative attachment cross sections for the formation of O~ from 
ground and excited states of SO 2 . The filled circles represent the cross-sections from 
the excited (B B^) state and the open circles from the ground (X AI) state respectively. 
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Figure 6. The dissociative attachment cross sections for the formation of SO~ from 
ground and excited states of 862. The filled circles represent the cross-sections from 
the excited (B B\) state and the open circles from the ground (X A\) state respectively. 



absence of the above peak from the excited state is due to small 'survival probability' (see 
eq. (2)) of the NIRS. However, as the excited neutral states will be in higher vibrational 
levels, the NIRS formed from them should have larger survival probability, leading to 
larger dissociative attachment cross sections. Thus the absence of the peak has to be 
attributed to selection rules governing the electron capture process. An analysis of this 
based on the selection rules helped not only to identify the negative ion resonance but 
also to characterize the excited neutral state itself, which has not been possible by high 
resolution optical spectroscopy [33]. 

Using the general rule laid out by Dunn [11], we worked out the selection rules for 
dissociative attachment to SC>2 which has a C 2v symmetry, taking into account all possible 
orientations of the molecule with respect to the momentum vector of the incident electron 
as discussed below. In the laboratory frame, the molecules are randomly oriented and the 
incident electron momentum vector is fixed. In order to get the selection rules we 
consider three mutually perpendicular orientations of the molecule with respect to the 
electron momentum vector k. These are shown in figure 7. In the first case, the molecule 
is in the xy-plane with its symmetry axis oriented in the direction of k. Thus the initial 
system of electron plus molecule has a C 2 symmetry. The symmetry operations relevant 
to the C 2v group are a rotation through 180 about k and reflections in the plane of the 
molecule and the plane containing k normal to the plane of the molecule. In order to have 
nonzero transition probability to the negative ion state, the initial molecular state and 
final negative ion resonant state should have the same symmetry with respect to these 
Tlcina thp. r.hararteT table for C%, erouo we find that the selection rules for this 
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Figure 7. Three cases of mutually perpendicular orientations of a molecule of C 2v 
symmetry with respect to the incident electron momentum vector k considered for 
determining the selection rules for the formation of negative ion resonance. 

particular orientation of the molecule with respect to k are A\ <-> AI, A 2 <-> A 2 , #1 <- BI 
and #2 <- B 2 . 

In the second case, the molecule is oriented with its plane normal to k. In this case the 
electron-molecule system has C s symmetry. The symmetry operation relevant to this 
system is the reflection in the plane containing k and normal to the plane of the molecule. 
The selection rales in this case works out to be AI - AI, 82', A 2 +- A 2 , B\ with similar 
rules for BI and #2 states. In the third case, the molecule is oriented in such a way that k 
lies in its plane, but normal to the symmetry axis of the molecule. In this case again the 
electron-molecule system has a C s symmetry, with the lone symmetry operation of 
reflection in the plane of the molecule. The selection rules corresponding to this are seen 
as AI <-> AI, BI; A 2 <-> A 2 , BI etc. The selection rules for all the three orientations are 
given in table 1. In the case where molecules are randomly oriented and measurements 
are made without any angular discrimination as in our case, the selection rules will be the 
union of all the three cases and are given in table 2. 

From table 2 we see that if the initial state of the neutral is a BI, the MRS cannot be a 
82 and vice versa. Similar restrictions exist between AI and AI. All other combinations are 
possible. As a result, any MRS which is a B 2 is accessible only from AI, A 2 and B 2 states 
of the neutral and not from a BI state. This readily explains why the second resonant peak 
is not accessed from the excited state which is a B\ but is accessed from the ground state 
which is an A i and identifies the NIRS as a B 2 state. Thus we are able to characterize the 
MRS using selective excitation of the neutral, without recourse to angular distribution 
measurements. Once we are able to characterize the resonance observed above 7 eV, based 



Table 1. Selection rules for resonant attachment of electrons for the three mutually 
perpendicular orientations of the molecules of C 2v symmetry. 

NIRS 



Neutral state AI A 2 B\ B 2 
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a a a 
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n n a 


n a n 
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n n n 


a a a 


n a n 


n n a 


B\ 


n n a 


n a n 


a a a 


n n n 


B 2 


n a n 


n n a 


n n n 


a a a 



a: Allowed, n: Not allowed. Case 1 is on the left, case 2 is the middle and case 3 on the right (see 
text for description of the three cases). 



NIRS 



Neutral state 



a: Allowed, n: Not allowed. 

on quantum chemical calculations and the selection rules discussed above, it was possible 
to assign the resonance observed at lower energy as a 2 A\ state [33]. 

An unexpected, but rather straightforward result which came out of this experiment 
was the characterization of the excited neutral state itself. The optical excitation of SO 2 
from the ground state by 308 nm laser radiation leads to the Clements' bands [34,35]. 
This band shown in figure 7 has been characterized by some very unusual properties. 
Dipole selection rules allow excitation only to the B 1 B\ state. However, no signature of 
any vibrational bands of B 1 B\ has been observed yet. What is observed are the finger- 
like bands with anomalous intensity pattern (Clement's bands). This band structure has 
been explained as due to a A 1 A^ state which vibronically couples strongly with B 1 B\ 
[36,37]. The only signature of the B ] B\ state is the quasi continuum-like structure 
underlying the Clements' bands. Also fluorescence measurements from this state has 
shown anomalously large lifetime [38]. This and the absence of any clear vibrational 
bands due to B 1 B\ has been explained as due to strong mixing with closely spaced high 
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Figure 8. Photoabsorption cross section of SCh in the region of the Clements' bands 
[35]. The dashed line has been drawn to show the underlying continuum below the 
finger-like band structures marked alphabetically. The arrow indicates 308 nm at 
which the molecules are excited using the XeCl excimer laser. 
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electron capture 
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no mixing of states at 308nm 
possible spin orbit coupling 

Figure 9. Schematic representation of the conclusions^ on the dissociative 
attachment to the excited (B ! 5i) state and the ground (X 1 A\) state based on 
measurements and selection rules. The horizontal line at the bottom represents the 
v = vibrational level of the ground electronic state 1 A\. The l Bi state is reached by 
absorption of the 308 nm photons. The figure shows that electron attachment to the 
ground state leads to two negative ion resonances, 2 A\ and 2 #2 of SOJ*. However 
electron attachment to the excited 1 B\ state leads to only the 2 A\ resonance. The 
absence of the 2 B 2 resonance in the excited state dissociative attachment overrules 
possible mixing of the high-lying vibrational levels of the ] Ai state and the L A 2 state 
with the ^i state. See text for details. 



lying states of the ground state X 1 A\ through vibronic interaction (Renner-Teller 
coupling) and with a 3 5i state through spin orbit interaction [36, 39]. Thus based on the 
existing spectroscopic data, excitation by 308 nm photons leads to a state which is a 
mixture of B 1 B\,A l Ai, X 1 A\ and possibly a 3 B\ states. However, if A l Ai and X [ A\ 
were present in the admixture, we would expect to see a second peak in the resonance 
attachment from the excited molecule as the selection rules do not overrule the 
attachment process from these states to form a 2 #2 NIRS. Since we do not see such a 
process, we have to conclude that the state excited by the 308 nm radiation does not have 
any l Ai or 1 A\ characteristics but is only BI in nature. The absence of vibronic mixing 
between the *A 2 and the 1 B\ states at 308 nm excitation may be due to the fact that the 
ro vibrational levels of the 1 B\ state is far removed from the rovibrational levels of the 1 A2 
state. This is supported by the fact that the absorption at 308 nm lies right in the valley 
between the Clements' C and D bands [34,36] (see figure 8). The observation, that the 
excited state does not have any *Ai characteristic leads us to the conclusion that the quasi 
continuum nature seen for the B 1 B\ is entirely due to mixing with the a 3 J?i state. A 
schematic representation of these results is given in figure 9. 



The absolute cross-sections for the ground state SC>2 were obtained by using the relative 
flow technique [40] using the accurately known cross-section for formation of O~ from 
Oi [41]. In order to obtain the cross-sections for the excited state molecules, it was 
necessary to obtain their number density relative to that of the ground state molecules. 
This was done by measuring reduction in the dissociative attachment signal due to 
molecules in the ground state when the laser is put on. As the experiments were done in 
single photon absorption regime, and the lifetimes of the excited state involved are much 
larger than the time interval between the laser and electron pulses, this depletion had to 
manifest as the fraction of molecules in the excited state. Using this fraction, which was 
within 0.1 to 0.15 depending on the spatial overlap of the electron and laser beams, the 
cross-sections for the excited states were determined. A host of several other careful 
measurements were necessary in determining the absolute cross sections. These were 
related to the possible presence of multi-photon processes and ion extraction and 
detection efficiencies [31]. The overall uncertainty in the cross section from the excited 
state was estimated to be 20%. 

The cross-section for the formation of O~ from the excited state has a peak at 0.4 eV 
with a value 36 x 10~ 18 cm 2 . The SO" cross-section peaks at 0.6 eV with a value 
6.6 x 10~ 18 cm 2 . Jaffke et al [24] had estimated the cross-section for the formation of O~ 
to be about 175 times larger from the excited state as compared to that from the ground 
state. Our measurements show that the enhancement is about a factor of 6 only. SO~ 
shows an enhancement of about 50%. The presence of S~ was noticed in the dissociative 
attachment to excited molecules. However, it was too weak to make any meaningful 
measurements. 

5. Application of the present technique to other excited states 

The excited state of S(>2 for which the measurements are carried out is known to have a 
lifetime in the range of 50 to 530 (is [42]. This long lifetime prevents the decay of the 
excited molecules to a lower level before the electron pulse interacts with them. In 
the current set up the time difference between the laser pulse and the electron pulse is in 
the range of tens of nanoseconds and the width of the electron pulse is 300 nanoseconds. 
Thus in the present measurements the excited state had a reasonably good number 
density. The large lifetime also ensured that this state decayed very little to any other low 
lying excited electronic state or higher vibrational levels of the ground electronic state. 
Thus we did not have to tackle the difficulties arising from the presence of more than one 
excited state. 

In principle the present technique could be used to any excited state irrespective of its 
lifetime, provided its number density is sufficient. It should be possible to reduce the time 
difference between the end of the laser pulse and the electron pulse to a few nanoseconds. 
However, this may not be of much help, since in the present measurement the width of the 
electron beam pulse is the limiting factor. Though it is possible to reduce the width of the 
electron beam pulse to a few nanoseconds, the corresponding reduction in the signal will 
make the experiment almost impossible. In order to have sufficient signal it is necessary 
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in the range of 100 nanoseconds and above. This limit may be reduced further if the 
experiment is modified to operate at larger repetition rate using appropriate lasers. 

Apart from the reduction in the number density, the short lifetime of the excited state 
may lead to other difficulties, depending on the level to which it decays. 

The present technique to determine the absolute cross sections is applicable to cases 
where it is possible to clearly distinguish the dissociative attachment signals from various 
states as a function of the electron energy. In order to determine the fraction of molecules 
in the excited state it is essential that the contribution from the excited state does not 
overlap with at least some section of the excitation function for the ground state. 
Population of higher vibrational levels of the ground electronic state due to short lifetime 
of the excited state is a possible situation where this technique may run into difficulty due 
to overlap of signals, considering the relatively poor electron energy resolution. 

Another difficulty which may arise due to the short lifetime of the excited state is the 
population of three states at a given time. If the lower excited state gives rise to 
dissociative attachment signal separated from that of the ground state, measurements may 
still be made by delaying the electron beam pulse such that the upper state is completely 
decayed. The relative number density of the resulting two component mixture can be 
determined as in the present case to obtain the cross section of the lower excited state. 
This procedure could then be iterated to three component mixture with almost no time 
delay to determine the relative number density and the corresponding cross sections for 
the higher state initially formed by photoabsorption. However, this method may fail if the 
lower excited state do not give rise to any dissociative attachment. 

Thus it appears that the present technique is best suited for those states with relatively 
large lifetime (^second range) and may be used for states with short lifetimes (100 
nanosecond range) in specific situations with appropriate modifications. From the point 
of view of applications to various plasmas, the states with larger lifetimes are important 
and there exist a large number of such states belonging to various molecules. Dissociative 
attachment to excited state of CS2 molecule [43] has already been carried out and similar 
measurements on other molecules are in progress. 

The method described here may also be useful in carrying out dissociative attachment 
measurements on radicals which could be produced by photodissociation. In addition, this 
technique opens up the possibility of carrying out measurements on positive ion produc- 
tion from excited and state selected molecules by electron impact as well as investigating 
the dissociation dynamics of positive and negative ions as a function of their initial 
geometries. 
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ow energy dynamics. Interesting threshold behavior in photoelectron spin polarization has been 
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introduction 

toionization is considered to be a useful method to carry out spectroscopical and 
amical investigations on atomic systems, as the information thus obtained is of rela- 
ly pure form. This is simply because the photon field couples very weakly with the 
em to induce minimal perturbation. Moreover, since the final channel comprises of only 
photoelectron, the incoming photon being absorbed by the target, the analysis becomes 
er simple. 

>ver the last several decades there have been many experimental studies [1] on atomic 
toionization to understand the dynamics of the process. In recent times, owing to the 
snt of experimental technology, a renewed interest is seen in high precision measure- 
its. For a long time, the main obstacle to extensive experimental research at energies 
ow as x-ray range has been the limitation of discrete characteristic lines from x-ray 
. Currently available x-ray synchrotron radiation facilities remove this obstacle and 
/ide the experimentalists with an intense, tunable, and highly polarized x-ray beam, 
oratory research thus receives a major boost from such developments toward high 
lution photoionization measurements [2, 3]. Measurements of photoionization angular 
ribution, that require an angle-resolved spectroscopy, have revealed interesting new 
irmation. We illustrate in the following two most recent works on non-resonant 
toionization. Importance of effects beyond conventional dipole effects for inner-shell 
slatively low energy photoemission has been realised [4, 5]. For argon Is, krypton 25, 
krypton 2p photoemission, pronounced non-dipole asymmetries with respect to the 
ction of photon propagation have been seen [4]. With the increase of photon-energy 



angular distribution for valence photoionization at energies significantly lower than what 
was considered earlier. These findings, therefore, set a trend of deviating from the 
conventional approach in interpreting angle-resolved photoemission data. There have also 
been some recent studies on autoionization resonances by high resolution photoelectron 
spectroscopy using synchrotron photon sources [6]. Experimental studies on 2s np 
resonances in 2p photoionization of neutral neon and some ions isoelectronic to it are also 
in progress [7]. 

In the theoretical realm also, interest in these investigations can clearly be noticed. 
Motivation comes, on one hand, from the need to support and complement new experi- 
mental knowledge, and on the other hand, from the necessity to investigate in detail the 
role of many-body effects to influence photoionization dynamics. Availability of powerful 
computers has invigorated such activities by enabling extensive application of ab initio 
methodologies that incorporate all important correlations. The significance of relativistic 
effects, that often appears rather strikingly in precision measurements, underlines the 
need of a relativistic formulation to address the problem. Among the simplest and most 
widely applied of various many-body techniques is the relativistic random-phase approxi- 
mation (RRPA) [8,9]. By treating certain types of correlations to all orders, the analysis 
of photoexcitation or photoionization can be reduced to the solution of a set of integro- 
differential RRPA equations [8]. RRPA has been widely used in the atomic photoioniza- 
tion at low energies [8,9], and in the intermediate energies both over the non-resonant 
and autoionizing resonance region [10]. 

Using the RRPA methodology, we have recently completed a number of investigations 
on single-ionization from several closed shell neutral atoms and from some ions isoelec- 
tronic to them. Section 2 briefly describes the working formulas of all dipole allowed 
photoionization parameters in a convenient interaction geometry. In 3, we discuss the 
results. We conclude the article in 4 by briefly indicating future programs that spawn out 
of the current activities. 



2. Photoionization dynamical parameters 

We consider the incident photon to be in its most general polarization state. It is also 
assumed that the target system is unpolarized and that the polarization of the residual ion 
is not observed. This can be ensured by averaging over the polarization of the target and 
summing up the polarization of the residual core. The polarization of photon radiation 
can now be defined with respect to a target-fixed coordinate frame XYZ such that the Z 
axis is in the direction of the photon flux. Conventionally, the X axis is chosen to coincide 
with the linear polarization vector or with one of the principal axes of elliptically 
polarized photons. On the other hand, the photoelectron polarization is defined with 
respect to another coordinate frame xyz that is obtained by affecting a rotational trans- 
formation on the fixed frame XYZ with the Euler angles (0, 0, 0) such that the z axis is in 
the direction of photoelectron momentum and the y axis is perpendicular to both Z and z 
axes. The angular distribution and spin polarization of the photoelectrons ejected from nx, 
subshell [n is the principal quantum number and the quantum number K = ^p(i + \/2] 



Huauiiuii iiuiiiuciaj \*a.ii uma ut. given, 111 IIIG namtwuiA. ui LUC UJipuiC applUAliHaUUIl, Vy 

the following set of equations [11]: 



), (1) 

P x (0, </>) = [f psin(2a) + r]pcos(2a) sin(20)] sin9/F(0, 0), (2) 

^(0,0) =?7[l+/?cos(2a) cos (20)] sin cos e/F(0,<f>), (3) 

W 0) = C/> sin(2o;) cos 8/F(0, <), (4) 

where 

F(0, 0) = 1 - i/3[P 2 (cos0) - f/?cos(2a) cos(20) sin 2 0\ (5) 

in which P2(cos ff) is the well-known Legendre polynomial of second order. In eqs (1-5), 
p specifies the degree of polarization [i.e. p = 1 for pure polarized, < p < 1 for mixed 
polarized andp = for unpolarized photon], the angle a ( ir/2< a< vr/2) determines 
the type of polarization [12] and = 7, the azimuthal angle of the photoelectron 
direction with respect to the linear polarization vector, or with respect to the principal axis 
(k cosa) of elliptically polarized photon, wherein 7 (0 < 7 < TT) is the azimuthal orienta- 
tion of the polarization [12]. Thus, the dipole photoionization can be completely 
described, in general, by a set of five dynamical parameters cr, /?, , 77 and , in which a is 
the partial cross section, (3 is the angular distribution asymmetry parameter and the 
remainders are the photoelectron spin polarization parameters. It is now possible to 
express these dynamical parameters in terms of certain reduced dipole matrix elements 
[8] in RRPA. 

3. Results and discussion 

In this section we classify our results to be presented in two groups as follows: 

3.1 Interchannel coupling effects 

Dramatic effects of interchannel coupling are illustrated below from a recent study of 
photoionization of atomic neon [13, 14]. The cross section and angular distribution 
asymmetry parameter of neon 2p photoionization were calculated at four levels of 
interchannel coupling approximations: (i) coupling of all the relativistic dipole-allowed 
excitation/ionization channels arising from 2p, 2s, and Is; (ii) from 2p and 2s only; (iii) 
from 2p and Is only; and (iv) from 2p alone. Such implementation of the coupling 
scheme in the truncated RRPA gives a handle on selective determination of the effect of 
couplings between different channels. The results for the angular distribution asymmetry 
parameter (3 are shown in figure 1 [14]. All four levels of calculations are in reasonable 
accord with each other at the lowest energies considered, understandably due to the 
dominance of 2p ionization matrix element over that of the 2s resulting in an inappre- 
ciable interchannel coupling contribution. With increasing photon energy, however, the 
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Figure 1. Photoelectron angular distribution asymmetry parameter /3 for Ne 2p 
calculated using RRPA formalism with the single excitation channels arising from 2p, 
2s, and Is coupled (solid line): 2p and 2s (dashed line); 2p and Is (dash-dotted line); 
and 2p alone (dotted line). The experimental points are from ref. [5]. 



results around 500 eV range. The two calculations with 2p and 2s coupled agree with each 
other, and the residual two agree with each other but disagree with the former group. This 
clearly points at the 2p and 2s interchannel coupling being responsible for the difference. 
While the trend is interrupted at about 870 eV where 1 s photoionization channels open, at 
higher energies, however, it resumes. Recent measurements [5] of /3 show excellent agree- 
ment with results that include 2s channels. Our single-particle calculation of /3 (not shown) 
at high energies is virtually indistinguishable from the 2p calculation alone, because of 
negligible contribution from intrachannel coupling. At highest energy considered we see, 
however, about a 30% shift of {3 from the single-particle predictions indicating, contrary to 
the conventional understanding, inadequacy of single-particle model and importance of 
coupling with energetically neighboring channels at high enough energies. 

Similar calculations on 3p photoionization of argon [15] further confirm our finding. 
Cross section and angular distribution for valence 3p photoelectrons of argon have been 
calculated in five levels of interchannel coupling scheme: all single ionization dipole 
channels arising from (i) 3p, 3s, 2p, 2s and Is (full RRPA), (ii) 3p and 3s, (iii) 3p and 2p, 
(iv) 3p and 25 and (v) only 3p. The scheme (v), as in the case of neon only-2/? 
calculations, yields virtually similar results to independent particle method at high 
enough energy. Except at 2p (binding energy ~ 260 eV) and 2s (binding energy ~338 eV) 
resonance regions, the results fall in two distinct classes: (a) one in which coupling with 
channels from 3 s subshell is included and (b) in which it is not. For photoelectron angular 
distribution asymmetry parameter (3 3p (figure 2), the difference between these two classes 
of result is about 10% at the highest energies considered. Corresponding cross section 
results, as presented in figures 3a, b, also exhibit similar qualitative behavior as /?. The 
local 'minimum' near 50 eV seen in figure 3a is the well-known 'Cooper minimum' 
whereas the 'spikes' seen in figures 2 and 3a near ~ 230 eVand ~ 338 eVare respectively 
due to 2p > ns, nd and 2s > np excitations. The high energy dynamics seen in figures 2 
and 3 emphasize the importance of coupling of photoionization channels under considera- 
tion with channels from energetically neighboring thresholds to accurately describe high 
enerev nl (I > Q] ohotoionization of atoms. 
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Figure 2. Angular distribution asymmetry parameter for Ar 3p photoionization 
calculated via RRPA by coupling between channels arising from (i) 3p, 3s, 2p, 2s and 
Is (solid line), (ii) 3p and 3s (dashed line), (iii) 3p and 2p (dash-dotted line), (iv) 3p 
and 2s (dash-double-dotted line) and (v) only 3p (dotted line). 



3.2 Autoionizing resonances, threshold photoionization and photoelectron spin polarization 

Autoionizing resonances occur in photoionization dynamical parameters due to the inter- 
ference of the continuum and discrete channels. At energy where an innershell excitation 
occurs the phase of photoelectron outgoing wave exhibits rapid spectral variation to 
induce such a resonance. 

Detail study on the autoionizing resonances for various closed shell systems and their 
isoelectronic sequences has recently been carried out by us. RRPA has been used to 
determine ab initio a set of energy insensitive photoabsorption parameters, called the 
quantum defect parameters. These are then employed in the relativistic-multichannel 
quantum defect theory (RMQDT), as described in ref. [16], to make an analysis of the 
autoionizing resonances. The calculated quantum defect parameters are the eigenampli- 
tudes (Da), the eigenquantum defects (n a ), and the expansions of the eigenvectors in the 
jj basis, the [17^] -matrix. These quantum defect parameters have subsequently been 
utilized to calculate all physical parameters of ionization. Elegant techniques have been 
developed to understand the real characteristic of the angular momentum coupling of the 
excited electron with the residual core. 

A study on autoionizing resonances resulting from Is > np excitation and appearing in 
2s photoionization of atomic beryllium has lately been completed [17]. Similar studies 
[13, 18] for valence photoionization on the neon, magnesium and xenon isoelectronic 
sequence and xenon isonuclear sequence will be published shortly. 

Preliminary calculations were carried out recently [13] for many members of the neon 
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Figure 3. Cross section for Ar 3p photoionization calculated using the RRPA by 
coupling between channels arising from (i) 3p, 3s, 2p, Is and Is (solid line), (ii) 3p and 
35- (dashed line), (iii) 3p and 2p (dash-dotted line), (iv) 3p and 2s (dash-double-dotted 
h'ne) and (v) only 3p (dotted line); (a) for energy range from 3p threshold through 
800 eV, and (b) for the range 800 eV through 2KeV. 



distribution asymmetry parameter, and the photoelectron spin polarization parameters for 
background photoionization of low energy 2pi and 2p electrons were computed. Two- 
shell correlations between valence 2p shell and neighboring 2s shell were included. These 
preliminary studies showed that the low-energy threshold behavior of photoionization 
cross-section of the 2p shell is influenced by the centrifugal barrier to the final state 
continuum-rf states in the case of Ne for which a 'shape resonance' is seen in the 
threshold area. This was seen to become weaker across the next few members of the 
isoelectronic sequence. For a group of ions, for example Si 4+ , the results just above their 
respective 2p\_ thresholds were seen to be unusual in that the cross-section was seen to rise 
sharply above the ionization threshold and then fall when interchannel coupling with 
photoexcitation channels from the 2s shell was included, while this feature was lost when 
intershell (2s, 2p) correlations were excluded whence the photoionization cross-section 
was seen to fall monotonically above the threshold. 

We have carried out a very detailed RRPA + RMQDT analysis of the photoabsorption 
process in the threshold region of several members of the neon isoelectronic sequence. 
For each ion of the isoelectronic sequence, the threshold feature essentially originates 
from a 'perturbation' caused by an excited state corresponding to a 2s > np transition 
which although occurs in the discrete spectrum of 2p\ > ns, nd channels lies close 
enough to the 2p\_ ionization threshold as to influence the continuum. It turns out that for 
Si 4+ (see figure "4) the 2s * 3p excited state resides very near the 2p\_ threshold thus 
causing maximum interference. As seen in figure 4, the threshold profile is very rich in 
2s > np autoionization resonances and on-going experiments [7] show very encouraging 
agreement with our results. 

The four spin polarization parameters C, 77, and 6, described in equations (2)-(5), were 

frvr 



O 
0) 
(O 

X 

Q. 
04 



217.694 



3- 



2- 



1- 



6.0 



ruuiun cueiyy 

231.299 244.905 

i - . i 




Si4+ DF Thresholds 

2s : 8.104 a.u. 

2p+: 6.219 a.u. 

2p-: 6. 186 a.u. 



8.0 8.5 9.0 

Photon energy (a.u.) 



Figure 4. Photoionization cross section for Si 4+ 2p plotted above the 2pi threshold 
which shows 2p > ns autoionizing resonances. 
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Figure 5. Non-resonant spin polarization parameters f (solid curve), r) (dashed 
curve), C (dash-dotted curve), and 6 (dash-dot-dotted curve) are drawn as a function 
of photon energy for Ar; (a) for valence 3p photoionization and (b) for 2p 
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tron spin polarization of argon (figure 5a) shows interesting threshold features in the region 
of the "Cooper minimum" seen in figure 3a. Argon 2p photoelectron spin polarization 
parameters also shows (figure 5b) some interesting threshold structure. A more detailed 
study of photoelectron spin polarization which will provide deeper knowledge about the 
role of correlation dynamics is under way. 

4. Conclusions 

Our recent photoionization studies yield some new and interesting insights about atomic 
photoprocesses. Importance of interchannel coupling stresses the inadequacy of the 
single-particle models at even photon energies well above the threshold, and interestingly, 
this feature becomes more pronounced as one goes higher still above the threshold. The 
present analysis of atomic photoionization is prototype of similar processes occurring in 
molecules and for condensed matter targets. Studies of autoionizing resonances and the 
quantitative knowledge of the coupling character of the corresponding photoexcited 
electron with residual core over an isoelectronic sequence provides knowledge on the 
single-electron bound state spectrum and its evolution as a function of Z. Influence of 
resonances on threshold photoionization is also a very important finding of the present 
work as is seen, for instance, in the case of Si 4+ valence photoemission. Study of photo- 
electron spin polarization also finds substantial importance in understanding correlation 
dynamics in target atomic systems. 

These results along with recent measurements are encouraging for future research 
programs. Excellent agreement of RRPA calculations with measurements in dipole frame 
[5,14] indicates the strength of the methodology. Growing experimental consensus on the 
significance of non-dipole contribution also at relatively low energies [4, 5] is a major 
impetus for further theoretical investigations. Theoretical studies of non-dipole photo- 
ionization along with the inclusion of core relaxation effects will constitute a major part 
of future endeavors. 
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Secondary ion mass spectrometry for quantitative surface 
and in-depth analysis of materials 

P CHAKRABORTY 

Saha Institute of Nuclear Physics, Sector-1, Block-AF, Bidhan Nagar, Calcutta 700064, India 

Abstract. Secondary ion mass spectrometry (SIMS) is a technique based on the sputtering of 
material surfaces under primary ion bombardment. A fraction of the sputtered ions which largely 
originate from the top one or two atomic layers of the solid is extracted and passed into a mass 
spectrometer where they are separated according to their mass-to-charge ratios and subsequently 
detected. Because the sputter-yields of the individual species, coupled with their ionization 
probabilities, can be quite high and the mass spectrometers can be built with high efficiencies, the 
SIMS technique can provide an extremely high degree of surface sensitivity. Using a particular 
mode like static SIMS where a primary ion current is as low as 10~ n amp, the erosion rate of the 
surface can be kept as low as 1 A per hour and one can obtain the chemical information of the 
uppermost atomic layer of the target. The other mode like dynamic SIMS where the primary ion 
current is much higher can be employed for depth profiling of any chemical species within the 
target matrix, providing a very sensitive tool (~ 1 ppm down to ppb) for quantitative characterization 
of surfaces, thin films, superlattices, etc. 

The presence of molecular ions amongst the sputtered species makes this method particularly 
valuable in the study of molecular surfaces and molecular adsorbates. The range of peak-intensities 
in a typical SIMS spectrum spans about seven to eight orders of magnitude, showing its enormously 
high dynamic range; an advantage in addition to high sensitivity and high depth-resolution. 
Furthermore, the high sensitivity of SIMS to a very small amount of material implies that this 
technique is adaptable to microscopy, offering its imaging possibilities. By using this possibility in 
static SIMS or dynamic SIMS mode of analysis, one can obtain a two-dimensional (2D) surface 
mapping or a three-dimensional (3D) reconstruction of the elemental distribution, respectively 
within the target matrix. 

Secondary ion yields for elements can differ from matrix to matrix. These sensitivity variations 
pose serious limitations in quantifying SIMS data. Various methods like calibration curve approach, 
implantation standard method, use of relative sensitivity factor, etc. are presently employed for 
making quantitative SIMS analysis. The formation of secondary ions by ion bombardment of solids 
is relatively a complex process and theoretical research in this direction continues in understanding 
this process in general. 

The present paper briefly reviews the perspective of this subject in the field of materials analysis. 

Keywords. Sputtering; secondary ion emission; compositional profile; thin films. 
PACSNo. 79.20 



1. Introduction 

The ejection of surface atoms or molecules under energetic ion impact - known as 
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be investigated is bombarded by a focused beam of primary ions of a few keV energy and 
the secondary sputtered particles (atomic or molecular) which are only in the ionized 
state (positive or negative) are mass-anlaysed and subsequently detected. 

The primary ions (in the energy range typically used in this process), when impinging 
into the solid, transfer kinetic energy to the target atoms via nuclear (elastic) collisions. A 
target atom, set in motion by such an elastic collision, may in turn transfer a part of its 
energy to another target atom. In this way, a cascade of collisions is generated, resulting 
in a large number of target atoms to be temporarily set in motion. During cascade 
development, some of the target atoms in the near surface region (~ 10 A in depth) 
receive enough outward-directed momentum and hence sufficient energy to overcome the 
surface potential barrier and can eventually leave the target. The total number of ejected 
particles from a material per incident ion is called the sputter-yield of that material. A 
very small fraction of the total emitted sputter-particles exists in the ionized state 
(positive and negative) and therefore, the secondary ion-yield S is basically the sputter- 
yield Y (number of emitted atoms per incident ion), coupled with the ionization 
probability or the degree of ionization (3^ (number of secondary ions/number of 
secondary neutrals) and can simply be expressed as 8"^ = Yffi. The sputter process is 
independent of the charge-state of the emitted ion and this is most likely true for metallic 
targets where the atoms are emitted by knock-on process [1]. While the sputter-yield may 
well be dominated by the knock-on process, this need not be true for the ion-yield. 

It is important in the considerations of sputtering to distinguish between the linear and 
nonlinear portions of a collision-cascade [2]. The physical picture is that in a linear 
collision cascade, the density of recoiling atoms is sufficiently small to allow linear 
superposition of two independent cascades within the same limited volume, while in a 
nonlinear cascade, i.e. spike, enough energy is deposited in a smaller cascade volume to 
essentially set every atom in motion. Clearly, the initial (high energy) portion of a cascade 
is linear, while the nonlinearities show up in the long-time or low-energy limit. Only the 
linear collision cascade leads to sputtering and the sputter-yields in that case superimpose 
linearly from the yields of the constituents of the bombarding molecule. Whereas in case 
of a nonlinear collision cascade or spike, this is not so. In this case, yield enhancements of 
up to an order of magnitude have been reported [3]. 

While only the elastic part (nuclear stopping) of the projectile-target interaction has to 
be considered in describing the sputtering of neutral particles (sputter-yield Y= KS n /U 
[2], where U is the surface binding energy of the solid or the heat of sublimation, S n is the 
nuclear stopping power of the primary ion and is given by (-dlf/dr),,. It is a measure of 
the rate at which energy is deposited by the primary ion into the nuclear motion of the 
near-surface atoms, K is a constant depending on the ion-target combination), the inelastic 
collisions (electronic stopping) where interaction between the projectile and electrons 
(potential energy) of the target atoms takes place which leads to the emission of 
secondary ions. An idea of the effective thickness of a sputtered layer can be obtained 
from the following expression of the sputter-yield 
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Figure 1. Variation of the sputter-yield with primary ion energy (ref. [2]). 
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where x\ is the effective thickness of the sputtered layer and WQ is the typical average 
energy of the sputtered particles. ( dE/dx) n or the nuclear stopping power can be 
calculated from the classical scattering theory, based on Thomas-Fermi model. Figures 1 
and 2 give the plots of sputter-yield and (dE/dx) n , respectively for Kr + -bombarded Cu as 
a function of the bombarding energy E [2]. Comparing these two figures, one gets 
(-dE/dx) n /y~ 40eV/A. That is, WQ/XI ~ 40eV/A. Now taking the average energy of 
the sputtered copper atoms as ~ 10 eV, the effective thickness x\ ~ 0.25 A. 

Figures 3 and 4 show a schematic representation of the SIMS process and a typical SIMS 
mass spectrum of silicon. With the logarithmic display of figure 4, the species SiO + , SiJ, 
Si2O + and Sig" are clearly distinguishable. The data are isotope-selective, showing the 
correct abundances of the different isotopes of an element. The high dynamic range over 
which the secondary ion intensities can be measured is also reflected in this mass spectrum. 

The secondary ion emission process is a complex phenomenon and has been discussed 
through a number of models [4-6]. Theoretically the most difficult task in interpreting 
SIMS results comes due to the difficulty in estimating the ionization probability (3 , as it 
is grossly affected by the so-called matrix effect (the change in the element ion-yield due 
to the presence of reactive species on the surface) which causes the secondary ion-yield 
of an element to be strongly dependent on the chemical composition of the surface. This 
effect has been evidenced by the fact that the presence of electro-negative species (like 
oxygen) on a surface enhances the positive ion-yield [4]. The enhancement is larger, the 
larger is the electro-negativity [7] of the species with respect to the emitted element. For 
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concentration. An analogous effect takes place in the case of negative ion emission when 
some electropositive elements (like Cs) are present on the surface. These effects are, 
however, very important in SIMS analysis and sometimes deliberately utilized by 
bombarding the surfaces with ions of electro-negative (or electro-positive) elements to 
get appreciable positive (or negative) signals of the emitted species which have extremely 
low ionization probabilities or are present with extremely low concentrations. 



2. Quantification in SIMS 

From the user's point of view, secondary ion current 
matrix m can be expressed by the relation [8,9] 



of some species A in a target 



(2) 
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abundance), / p is the primary ion current (= J P S, where J p is the primary ion current 
density at the target and 5 is the bombarded or scanned area), 7 tot is the total sputter-yield 
of the matrix, ffi = positive (or negative) ionization probability or the degree 'of positive 
(or negative) ionization for the species A (ratio of the number of positive or (negative) 
ions to the number of secondary neutrals), /(A), /(Afi) are the fractions of the ionized 
particles that fall into the energy and solid angle acceptance- windows, respectively, of the 
mass spectrometer, T is the transmission factor of the instrument for species A, 7? is the 
detector efficiency for species A, and CA is the fractional concentration of the species 
A = n.A/n m , where HA is the number density of A atoms in the matrix and n m = matrix 
atom density; for example, n m (for silicon) = 5 x 10 22 /cm 3 ). Obviously, CA = 1 for a 
pure single-component matrix. Equation (2), taking only the case of positive ions, can be 
written as 

$ = p A C A , . (2a) 

where p A (= /pFtot/^/, with f=f(AE}f(A.l}Tr)} is called the absolute sensitivity factor 
(ASF) of A. Therefore, the fractional concentration C A (or the atomic concentration n A ) 
of the species A can be estimated from the secondary ion current using eq. (2a), provided 
p A is known. As seen from eq. (2a), the more is the absolute sensitivity factor, higher is 
the secondary ion signal for a given concentration. The ASF depends on the primary 
current, total sputter-yield (atoms/ion) of the matrix, ionization probability of the species 
A and the instrumental factor /. Assuming /(AE), /(AQ), T and T? to be invariant for all 
elements in a given sample and for 7 p to be constant, p A is only dependent on the 
ionization probability {3* which has to be evaluated either theoretically or experimentally. 
There have been two major influences on the ionization probability of sputtered atoms. 
These are the ionization potential or electron affinity of the ejected particle and the 
chemical nature of the substrate surface. Although there is no consensus concerning a 
universal ion emission model, a simple picture is believed to hold for the major part of the 
sputtered ion flux which scales approximately as: 



= B' exp(A -' 



where / and A are the ionization potential and electron affinity of the ejected atom, 
respectively, $ is the surface work function and B,B',K,K' are constants. The first 
convincing demonstration of such scaling was given by Andersen and Hinthorne [10] 
while comparing the ionization probabilities for several elements sputtered from a 
common matrix. 

3. Mechanisms of secondary ion emission 

3.1 Local thermodynamic equilibrium (LTE) model 

Under the assumption that the sputtering region of the target resembles a dense plasma, as 
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described [1 1] as a dissociation reaction between neutral atoms Mr, positive ions M + and 
electrons e~ 

M & M + + e~ (4) 

with the dissociation constant 

D + = N + N e /N, (5) 



where W + , N and N e are the densities of ions, atoms and electrons, respectively, in the 
plasma. D + has been calculated from the Saha-Eggert equation which is given by 

N + N e _ u+(T] (27rmfcr) 3/2 _ ( _ 



where w + , , 2 are the partition functions of the ions, atoms and electrons, respectively, 
in the plasma. E is the ionization energy or dissociation energy. AE is the depression of E 
in plasma. T is a parameter equivalent to 'temperature' . kT (dimension of energy) reflects 
the average energy of an atom in the collision cascade. The only unknown parameters N e 
and T can be determined from measured ion currents of two elements with known 
concentrations homogeneously distributed in the sample. Once they are calculated, 
/?+(= N + /N Q ) of an arbitrary element in the same sample can be determined using eq. 
(6) and hence CA, the concentration of this element, can be estimated from eq. (2). Now 
the dissociation constant, from eqs (5) and (6), is 



Combining eqs (5) and (7), one finds 

(8) 



Equation (8) explains the matrix effect, i.e. why the positive ion emission probability 
increases for an oxide surface since the increase of electronic work function in that case 
causes the decrease in the electron density N e , thus increasing fl + . Similarly, the decrease 
of work function for cesiated surface causes an increase ofN e , giving rise to the increase of 
negative ion emission. Figure 5 gives a schematic model showing the increased positive 
ion emission from metal oxides. The probability that an electron may surmount the 
increased potential barrier in the metal oxide and neutralize a positive ion just in front of 
the target is practically zero, thus giving rise to increased positive ion emission from oxide 
surfaces. Although the presence of oxygen at the bombarded surface always enhances the 
positive ion emission, the work function may not necessarily increase in all cases, it was 
found to remain constant (for Al) or to decrease (for Mg) with increasing oxygen 
concentration [12]. This is in contradiction to Andersen and Hinthorne's interpretation 
of positive ion yield enhancement through LTE model. 

Although the composition of various classes of samples under oxygen bombardment 
was derived [10] using the LTE model, an experimentally supported basis for this model 
still does not exist. There are obvious reasons why the validity of this model seems 
unlikelv. It can be readilv areued that the thermal eauilihrium cannot be established in the. 
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Figure 5. Schematic model to explain the increased positive ion emission from 
metal oxides. 

short period (~ 10~ 13 sec) before the collision cascade begins to eject atoms or ions, 
because energy transfer through the nuclear collisions induced by the primary ion impact 
and electronic excitation is inefficient. Times much longer than 1CT 13 s would be required 
for establishing equilibrium. Furthermore, the actual secondary ion energy distributions 
in SIMS (based on the linear collision cascade [2], n oc E(3 (E]/(E + E^) 3 , where Eb is 
the surface binding energy or the sublimation energy of the solid; n (E] oc l/E 2 (for 
monomers) for large values of E and is maximum for E = JE&/2) can not be fitted to 
unique Boltzmann distributions, thus going against the LTE concept. As the energy 
distributions differ markedly for different emitted species having different masses and as 
equating the constants K, K' (in eq. (3)) with kT results in different 'temperatures' for 
positive and negative ions, high and low-energy ions, atomic and molecular ions, etc., the 
validity of the LTE model becomes questionable. 

3.2 Bond-breaking process 

Another attempt [6] makes use of a modified bond-breaking model under matrix effect in 
explaining the enhanced positive ion emission. When metal oxides (MO) are bombarded, 
particles in the form of ions are directly emitted due to a breaking of the chemical bonds 
between metals (M) and oxygen (O). The sputtering of atoms M through breaking of the 
oxide bonds creates oxygen-surrounded vacancies at the surface. This oxygen-surrounded 
vacancy strongly attracts an electron at the expense of the ejected particle M, causing the 
positive secondary ion-yield enhancement. The cross-section for the generation of positive 
ions by this process is considered to be much higher than by other means. Analogous 
arguments hold for the effect of Cs on negative ion emission. The electropositive Cs- 
surrounded vacancies easily release electrons, thus yielding higher secondary emission of 
negative metal ions. 

As one can understand from the above discussions that the matrix effects give the 
general observation that the secondary ion yields can be strongly influenced by the 
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Figure 6. Example of 'alloy' matrix effect due to gettering of ambient oxygen by an 
active metal (Al) implanted into an inert metal (Au) (ref. [14]). 

surface. These effects, however, constitute serious drawbacks on the analytical 
capabilities of SIMS method, because they are, in general, not very much well-charac- 
terized and calculable. 

The matrix effect, under reactive ion bombardment, can be classified into two distinct 
group of phenomena: (i) alloy effects, for example, with Ni-Cr where the composition of 
the surface changes, but not its physical nature, that is, the surface remains metallic (ii) 
compound effects, resulting from the conversion of a metallic conductor to an insulator, 
as in most oxides, halides etc. This can also be called sputtering effects, as these are 
practically a manifestation of compound effects. 

Alloy effects: Variation in ion yield due to differing oxygen content in an alloy, arising 
from the oxygen gettering ability of the more reactive metal in that alloy, is illustrated in 
figure 6 [13]. As seen in this figure, gold signal (Au + ) from the Al-implanted gold sample 
follows exactly the trend like Al + signal when sputtered in the presence of oxygen. The 
highest gold signal is obtained from a depth at which the aluminium signal is maximum, 



tn fhp mflYimnm 



r>f Al Thic ic 



nf tliA font fhcit oc 



surface was sputtered, the implanted-aluminium got exposed to oxygen and depending on 
its (aluminium) concentration it acted as a getter for gas-phase oxygen in a proportionate 
manner, which then acted strongly to enhance the gold ion yield. 

Sputtering effects: When a surface is sputtered by bombardment with reactive species, 
such as oxygen, it can be shown that the maximum implanted oxygen concentration that 
can be built-up in the sample surface will be determined primarily by the substrate 
sputter-yield. The preferential sputtering can be ignored here since quantitative SIMS 
analysis is relatively immune to it. Furthermore, if the back-scattering of the primary 
species is ignored, the composition of the sputtered flux must be the same as that of the 
surface. That is, 



(i/2) sput = (ni/"2) surf , (9) 

where n\ and ? are the flux of atoms referring to the primary and substrate species, 
respectively, and subscripts 'sput' and 'surf refer to the sputtered flux and the surface, 
respectively. If we assume that every atom that strikes the surface gets sputtered, flux of 
the primary species in the primary beam must then be equal to that in sputtered beam, 



Again, by definition of sputter-yield 7, 



From the above two relations, 

(iM) sput = l/F. (9a) 

Therefore, from eqs (9) and (9a), 



Since the concentration 2 of the substrate species is fixed, eq. (10) gives a measure of the 
upper-limit in the concentration n\ of the primary species that may build up in a surface 
during irradiation. Figure 7 shows the sputtering effects in a SIMS depth profile of a 
platinum silicide (PtaSi) layer on a silicon substrate [14]. Since the sputter-yield Y of 
Pt2Si is greater than that of Si, the maximum concentration of Cs build-up in the layer- 
surface under Cs + bombardment is less than that in the Si substrate surface, causing Si 
signal to increase by three orders of magnitude as the sputtering front moves from the 
Pt2Si layer to Si substrate. Again since ion yields vary roughly as the third power of the 
surface-oxygen or -cesium concentration [15], the variation in negative ion yield gives a 
relative estimation of surface Cs concentration. The extended exponential tail of the Pt 
profile beyond the interface (as seen in figure 7) is due to ion beam mixing which causes 
some of the Pt atoms of Pt 2 Si layer to get mixed in the Si substrate. 
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Figure 7. Example of 'sputtering' matrix effect and ion beam mixing effect in a 
Cs + -bombarded platinum silicide layer on a silicon substrate (ref. [14]). 



small (~ 1 nm). Excitation of the departing atom is assumed to result from the 
perturbation caused by the rapid decoupling of the atom from the surface electron sea. 
The atom can then de-excite radiatively or non-radiatively. The first process, i.e. radiative 
de-excitation is more probable when the velocity of the ejected particle is high, causing 
greater separation between the particle and the surface. The second process, i.e. non- 
radiative de-excitation is more probable when the velocity of the ejected particle is low 
and gives rise to (i) resonance ionization of the highly excited emitted particle through the 
tunneling of an electron from the excited (metastable) state into an iso-energetic empty 
state of the metal or (ii) Auger ionization where an electron, emitting from a bound state 
of the metal, tunnels into the empty ground-state of the excited atom (in which the 
ground-state electron has already been excited to higher state). The energy released by 
this process is utilized to eject an electron from an excited state into the vacuum. Both 
these processes can occur when the emitted atom is in the close proximity of the surface 
and is in the highly excited state. The resulting ion-yield expression has the form 

n + oc exp($ i)/i>, (11) 

where v is the separation velocity of the atom. Yu [17] has provided a proof of the validity 
of this expression over a limited range of v. If the emitted particle is already ionized and 
at the surface, neutralization of the ion can take place by two processes (i) tunneling 
neutralization: an electron of the target tunnels from a bound state of the metal to an 
empty ground state of the ion. Energy released by this process is used to promote an 
electron to an unoccupied higher energy state in the ion (ii) resonance neutralization: an 
electron from the metal tunnels into an empty iso-energetic level in the ion. 

The above concept was, however, criticized by Sroubek [18] and Williams [19] who 
considered the role of electronic excitation in the sputtering site of the surface during the 
time the snuttered atoms denart. Srrnihp.V F1 81 Hp.rivp.H thp. p.Ynnnp.ntial inn viplH 



it time scale or electronic relaxation or the surtace atoms is much faster than for atomic 
motions, energy must be rapidly equilibrated among the excited atoms in the sputtering 
site. Using of Fermi-Dirac statistics to describe the excitation probability then gives an 
ion-yield expression similar to eq. (11). 



4. Instrumentation 

The driving force behind the extensive on-going investigation of the ion emission pheno- 
menon is that it is of importance both from a fundamental and in particular, nowadays 
from a practical point of view. It provides basic information on the interaction of ions 
with matter and also it finds applications as a tool in surface and in-depth profiling for 
thin film analysis. SIMS is a surface analytical technique having all the advantages of 
mass spectrometry. Progress in SIMS over the last three decades has strongly been 
influenced by instrumental developments, for example, by the introduction of single-ion 
counting techniques [20], the dynamic mass spectrometers like quadrupole and time-of- 
flight (TOP) mass spectrometer, etc. or the use of highly focused ion beams for surface 
imaging. 

Various kinds of SIMS instruments are existing which differ greatly in their comple- 
xity, performance and the ways in which they produce and detect secondary ions, but all 
contain these basic components: (1) a device to produce energetic primary ions- and to 
direct a focused ion beam at the sample, (2) a chamber to mount the sample to be analysed, 
(3) a secondary ion energy analyser, (4) a mass spectrometer to separate the secondary 
ions according to their mass-to-charge ratio and (5) a detector. The ion source used most 
frequently for the generation of Oj, O~, Ar + or Xe + is a duoplasmatron. A surface 
ionization design is normally used for Cs + ions and a liquid metal ion source (LMIS) for 
Ga + ions; the latter being used for improved lateral resolution. The ion optics used to 
transport the beam to the sample may be able to focus the beam to a diameter as small as 
100 nm in some cases, but primary ion beam diameters of 10 to 100 am are more 
commonly used. 

Mass analysers for SIMS instruments are one of the three types, namely magnetic 
sector, quadrupole or time-of-flight (TOP). Magnetic sector analysers have the advantage 
of being able to achieve high transmission and high mass resolution. The latter capability 
is useful to resolve molecular ion mass interferences. RF quadrupole mass analysers are 
compact and easy to use. Moreover, these analysers do not employ magnets and so peak- 
switching for selected ion monitoring can be done more quickly without hysteresis 
effects. TOP analysers are used with secondary ion beams that are generated in short 
pulses. These analysers generally have high transmission and a high mass range that can 
extend up to few thousands of amu. This particular advantage is obviously useful for the 
analysis of organic samples where secondary ions of heavier hydrocarbon molecular 
complexes are detected. All of these three types of mass analyser are nowadays found to 
have been successfully employed in various commercial SIMS machines. Each of these 
instrumental configurations have their unique applications in SIMS analysis and the 
choice of the instrument-type depends on factors such as mass resolution and mass range, 



applications are listed in a review paper [21]. 

Analogous to scanning electron microscopy (SEM), SIMS can also be used in a mode 
of data collection where the image is formed by the secondary ions emitted from the 
surface, thereby providing element-specific images or surface maps. Continuous 
recording of ion images in an image-depth profile mode provides a three-dimensional 
picture of the elemental distribution in the matrix. This technique will not be discussed in 
the present article. 

5. Modes of analysis 

5.1 Static SIMS 

Here the composition of the uppermost atomic (monolayer) layer of the surface is 
investigated. An extremely low primary ion current (~ pA) is used to bombard the 
surface, so that during recording a complete SIMS spectrum no significant sputtering of 
this monolayer occurs. This is the concept of 'static SIMS' which means, that the total 
flux of primary particles is so low, that within the time of an experiment only a negligible 
probability exists for a sputtered zone to be excited for a second time by a primary 
particle. Typical sputter-rates are 1 monolayer/h, resulting in an increase of the lifetime 
of the uppermost monolayer from fractions of one second to several hours. With these 
sputter-rates the secondary ion count goes down by few orders of magnitude and so, much 
higher efficiency of secondary ion collection is necessary here. For this purpose a high- 
mass range and high-transmission TOP instrument was introduced to allow a maximum 
use of ail secondary ions produced from a surface by a quasi-simultaneous detection of all 
masses [22]. Since the sample surface is sputtered very lightly, removing less than 1% of 
the uppermost monolayer of atoms while the mass spectrometer is scanned, the spectrum 
will provide information as to which elements are present on the sample surface and will 
contain peaks that are indicative of higher-mass molecular species present on the sample 
surface. The first static SIMS was realised [20] by single ion detection with an open 
multiplier in a single focusing magnetic sector field instrument and with this set-up the 
oxidation of clean metal surfaces during Oi-exposure was investigated extensively [23]. 
Since then the technique has developed considerably and has been successfully applied in 
surface science-related many disciplines, e.g. detection, identification and structural 
analysis of extremely small amounts of thermally labile organic molecules present on 
surfaces, complex surface reactions occuring in heterogeneous catalysis, analysis of 
surface structures from simple surfaces - single crystals covered by small molecules - to 
more complex types, such as biologically important specimens, like enzymes, proteins, 
biomembranes, tissues, etc. 



5.2 Dynamic SIMS 

The other mode of SIMS is the dynamic mode in which the mass spectrometer, instead of 
scanning, is tuned to a selected one or more masses and the se-mnHarv inn rnrre.nts 



Secondary ion mass spectrometry 

monitored sequentially by switching rapidly among those masses are recorded conti- 
nuously as a function of bombardment time. Under constant primary ion current (current 
density ~ 100uA/cm 2 ), the sample is continuously sputtered away and hence layers 
originally deeper in the target become the new momentary surface of which the sputtering 
does occur. The secondary ion current I A of some species as a function of time 
(proportional to depth) gives a measure for the concentration of that species C A in a 
matrix as a function of depth (as estimated from eq. (2a)). 

Sputtered areas are defined by rastering the primary beam over a specific square or 
rectangular region. Continued sputtering over a rastered area produces a well defined crater. 
The detected area is usually the central portion of the rastered area obtained by the use of an 
aperture or by electronic gating. Conversion from time to depth is done by measuring the 
crater-depth with a profilometer and the erosion rate (crater depth/ duration of sputtering). 

Accurate depth profiling requires uniform bombardment of the analysis area without any 
contribution of ions emitted from the crater walls, adjacent sample surfaces or near-by 
instrument surfaces. Figure 8 shows a schematic representation of the dependence of depth 
profile on the detected area, i.e. the portion of the sputtered zone from which the secondary 
ions are detected [24]. As seen, the shape of the profile of the species monitored depends 
significantly on the size of the detected area. The smaller is the detected area or larger is 
the raster-area, higher is the depth-resolution. The detection sensitivity is a measure of the 
ability to detect a species in a given matrix. The lowest concentration that can be measured 
is known as the detection limit. Therefore, lower is the detection limit, higher is the 
detection sensitivity of the SIMS. 

Figure 9 shows the relationship between detection sensitivity and the sputter-rate (atomic 
layer removed per second) in a dynamic SIMS [25]. As indicated, detection sensitivity 
increases with the increase of the sputter-rate which is directly proportional to the target 
current density. That means, elemental detection sensitivity is directly proportional to the 
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Figure 9. Diagram of relationship between primary ion current, beam diameter, 
sputter, rate and SMS detection sensitivity (ref. [21]). 

number of atoms or molecules sampled or the volume of the material consumed during an 
analysis. Therefore, as obvious, the detection sensitivity in dynamic SIMS is much 
greater than that in static SIMS. An example can be given to demonstrate this effect. 
SIMS analysis for Na contamination in silicon wafers used in the microelectronics 
industry is of the order of 10 ppb in an analysis volume of 20,000 u,m 3 , corresponding to 
an analysis area of 150um diameter and 1 u,m depth [26], This analysis consumes 
2x 10 14 atoms of total sample, giving the Na detection-limit approximately 0.1 fg 
(1 fg = 10~ 15 gm). On the contrary, static SIMS analysis consumes less than 1 monolayer 
of the surface (~ 4 A thick) over the same area of 150 |im diameter which corresponds to 
10 11 atoms of the sample. Thus, if one performs a sodium analysis in the top monolayer 
of the sample as described, the static SIMS detection limit would be 2000 times higher 
(i.e. 2000 times less sensitive) than that in a dynamic SUMS analysis. 

6. Lowest detectable concentration in a matrix or the detection-limit 

From eq. (2a), we have the fractional concentration C A of an element as 

C A =I+/p At 
where p A (absolute sensitivity factor of A] I p Y tot @%f or 



C A = 



(12) 



Secondary ion mass spectrometry 
So, 



_ V A /min 



/ in \ 

(12a) 
p A.J 

where (/^") min is the minimum detectable ion current of the species A for a given detection 
system. It is obvious from eq. (11) that the limit of detection can be decreased by the 
increase of the primary ion current I p , as is the case in dynamic SIMS. Following eq. (12), 
we can write C m (for matrix m) as 

/+ 

Cw= +' (12b) 



In order to eliminate the fluctuations in /^,/3 :t , Y, f etc. and to correct for the matrix 
effect, secondary ion current is normalized with a reference or matrix current /+. Thus, 
from eqs (12a) and (12b), 

(13) 



or 



(CA) min = ~ (since C m = n m /n m = 1). (14) 

m <~^m 

Since / ma trix is related to the material consumption and is expressed as (fczS) matrix , the 
detection-limit or the minimum detectable fractional concentration (C/O rain , as obtained 
from eq. (14), can be expressed as 



where z is the sputter-rate, i.e. layer-thickness sputtered per second, S is the target area hit 
by the primary beam and k is a constant depending on the sample and the ion-optics of the 
mass spectrometer. From eq. (14), the lowest atomic concentration of A is 
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/I O 

(15) 



where (RSF) A = n m ((3^/^} and is known as relative sensitivity factor [24] for the species 
A in a given matrix m. Using eq. (15), expression for any atomic concentration n A can be 
written as 

T+ 

A (atoms/cc) = - (RSF) A . (16) 



Equation (16) gives the quantitative estimate of the atomic concentration of any species 
A in a given matrix m for which atomic concentration n m is known. The matrix effect can 
be assumed to be cancelled here as long as the product (z(3 + ] for element A and the 
matrix M change by the same amount. The matrix effect in I A is determined by the product 
z/3% where z is the sputter-rate (dz/df). This can be shown as follows: From eq. (2), 



I A 



(Jp ' Y\.ol)S0 



= Kz/3^n A (where K is a constant since z<xj p Y tot ). (17) 

Therefore, a change in 1% is caused only by a change in the product (z/2j~) arising out of a 
change in sputter-rate z or/ and a change in 0% which of course depends on the matrix. 
A knowledge of the concentration C A can be obtained, not withstanding the matrix 
effect, by means of a calibration curve [28]. This is constructed by plotting the IAS from 
standards containing the species A with various known concentrations, as a function of 
CAS. The sample to be measured must have a composition close to one of the standards 
used. The slope of such a curve gives the absolute sensitivity factor PA for the species A, as 
clearly evident from eq. (2a). Using that value of p A in eq. (2a) one gets any unknown 
concentration CA in the matrix. This is, however, a simplistic procedure which is greatly 
affected by the use of unreliable standards. A much more accurate method of estimating 
the sensitivity factor p A is the 'implantation standard method' [27] which utilizes the 
known dose F A (atoms/cm 2 ) of the implanted species A in an unknown sample to calibrate 
the SIMS signals. From eq. (2a), the ion current I A (t] of implant A at any time t is 

/A(0=PAC A (r) or I A (t)=pfn A (t), (18) 

where n A (t) is the atom concentration of A in the sample at a depth z corresponding to a 
sputtering time /. p' is the calibration constant. Therefore, 



f T [ r z 1 1 

/ I A (t}dt = p'\ / n A (z)dz\- 

JQ LJo J z 

since z = dz/dt, dt = dz/z, p' can be written as 



where F A (total dose of the implanting atoms) = f n A (z}dz, Z is the depth of the crater 
measured after a bombardment time T, assuming a constant sputter-rate. Equation (19) 
gives the value of p', thus determined from the measured SIMS profile (signal versus 
time) j^ I A (t)dt,Z and T and FA, and can be used to estimate the concentration of the 
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T m (20) 

( } 



Now, from eq. (16), we have 



Comparing this with eq. (20), (RSF)^ can be written as 

. (21) 



Equation (21) gives exactly the same expression for RSF as what Wilson et al [24] 
obtained by the implantation standard method. (RSF)^, thus obtained, can be used to 
measure any unknown atomic concentration n A of some species at any depth in a given 
matrix, using eq. (16). This procedure certainly has the advantage in the sense that matrix 
effect is compensated in this treatment. 

The problem of matrix effect in SIMS is always considered to be a serious artifact and 
proper care has to be taken to overcome this. As already discussed, use of RSFs could 
compensate the matrix effect or by using standards having identical stoichiometry to the 
samples to be analysed, this effect can be avoided. It was found [29] that only the intensity 
of high energy secondary ions is not affected by the matrix effect as the high survival 
velocity of the emitted species causes its larger separation from the surface. However, the 
weak intensity of the high-energy secondary ions (eq. (11)) makes the detection of these 
ions extremely difficult. 

Recently, 'Cs + -attachment SIMS' studies have been reported [30, 31] where the effects 
of the changing matrix on secondary ion-yields have been found to be minimal. In this 
particular mode of SIMS, the sample is sputtered with Cs + primary ions and detection of 
the element M of interest is made in the form of molecular secondary ions (MCs) + . 
Figure 10 shows a typical example of 'Cs + -attachment SIMS' of a layered sample 
consisting of two different stoichiometries of InGaAsP on InGaAs [30]. It was found that 
the secondary signals for the major elements like In, Ga, As, etc. represented their actual 
densities in the layers. This particular mode of analysis has recently been followed in the 
investigation of nickel-phosphorous alloy coatings [32], to be discussed later. 

Whereas, the ion emission of some species is strongly influenced by the matrix effect, 
the secondary neutrals of the same species have been found to remain totally unaffected 
by such effect, since sputtered neutrals vary proportionally only to variations of the partial 
sputter-yield. Therefore, the secondary neutral mass spectrometry (SNMS), a recently 
developed method for materials analysis, could be more suitable in the quantification 
aspect [33]. However, this technique involves post-ionization of the sputtered neutrals and 
has not yet been so widely accepted like SIMS. 

An important aspect to consider in the SIMS analysis of multi-element targets is the 
'preferential sputtering' which leads to the non-stoichiometric removal of surface atoms 
leading to the changes in surface composition. However, after a prolonged bombardment, 
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Figure 10. SIMS depth profile of a layered sample consisting of two different 
stoichiometries of InGaAsP on InGaAs, using Cs + primary ion beam with detection of 
positive secondary ions (MCs) + . The signals of the major elements are good repre- 
sentations of their actual densities in the layers (ref. [30]). 

a steady state is reached and partial sputter-yields of the various species in the matrix then 
become equal. For example, in a binary alloy containing elements A and B with atom- 
fractions n A and HB, respectively, the partial sputter yields of A and B in the steady state 
follows. 

YA^-A = Ys n B, (22) 

where Y A and YB are the elemental sputter-yields of A and B, respectively. Therefore, 
sampling the sputtered flux should give an accurate measure of the bulk composition once 
steady state is attained. Thus, SIMS being a technique which samples the sputtered flux, 
samples the bulk composition and is thus immune to preferential sputtering artifacts [14]. 



7. Depth resolution in SIMS 

Knowledge of the depth distribution of the concentration of some species in a matrix is 
extremely important from practical point of view. SIMS technique has by far the greatest 
utility in depth profile analysis of semiconductors where the concentration of impurities 
or dopants (e.g. in case of ion-implanted samples) are routinely measured. Since the 
targets are usually single crystals that sputter very uniformly, the sputtered depth can be 
assumed to be proportional to sputtering time and so, time scales can be accurately 
calibrated in terms of depth scales. 

In a depth profile measurement the most important factor that governs is the depth 
resolution. Depth resolution can be characterized by interface-width which is most com- 
monly defined as the depth interval over which the intensity drops from 84% to 16% of 
the maximum. Figure 11 illustrates an InGaAs/GaAs interface and an interface- width 
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Figure 11. Interface width determination of a thin 
substrate (ref [24]). 
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calculation [24], The above definition corresponds to a 6 nm width at a depth of 0.135 /mi 
into the sample. Ideally, the profile around the interfacial region should follow a step 
function. This step function response is only dependent on the instrument. If the crater 
depth after a given time of bombardment (?) be denoted by z, then 

7^7 V f C23") 

< ~ Jp 1 l - \^- i ) 



Therefore, the difference in z can be obtained as 
Az~A(/pF-f) or Az ~ AC/, F 



(24) 



From eqs (23) and (24), it follows that the ratio (Az/z) is constant, i.e. independent of the 
crater depth. This ratio gives a measure of the depth resolution R. Actual depth profile 
deviates from the ideal step-like nature owing to the contributions from the instrument. 
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depth resolution or sharper interface measurements than lighter ions of same energy. 

The SIMS depth profile provides an information of the film and the interface qualita- 
tively and quantitatively. Interface width gives a measure of the sharpness of the interface. 
Interface broadening occurs due to intermixing of two layers through their interface. 
Mixing can occur either during the growth of the films or by ion beam mixing. The latter 
process involves high energy ions whose penetration depth in the film exceeds the depth 
at which the interface is located, thereby mixing over the entire stack. However, ion beam 
mixing, for being an obvious consequence of the sputtering process, appears to have an 
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Figure 12. (a) SIMS depth profiles of a nickel-phosphorous coating deposited on a 
mild steel substrate at 80m A/cm 2 , (b) SIMS depth profiles of a nickel-phosphorous 
coating denosited on a mild stp.p.l substrate, at 7ftmA/rm 2 
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Figure 13. SIMS depth profile of a 16-period AlAs/AlGaAs superlattice grown by 
MOVPE method. 



utility in stabilizing the ion emission variations [14] arising from surface oxides and 
primary beam implantation, thus enabling the SIMS measurements to remain unaffected 
by the matrix effect. The interface broadening arising out of the growth processes is 
mainly caused due to the processes like interdiffusion, segregation, etc. across the 
interface. Figure 12a, b shows the SIMS depth profiles of two nickel-phosphorous alloy 
coatings, electrodeposited on mild-steel substrates at two different deposition current 
densities [32]. As seen in the figures, the interface in case of the coating deposited at 
higher current density is comparatively sharper (figure 12a) than that in the other case in 
which the interface gets broadened (figure 12b) extending over a region of 1.4u,m and 
this broadening is attributed to the porosity in this coating, causing more interdiffusion to 
occur across the interface in this case. 

Interdiffusion causes roughening of the interfaces. This has been demonstrated by our 
recent experiments on a AlAs/GaAlAs/AlAs superlattice [34]. Figure 13 shows the SIMS 
depth profile of a 16-period AlAs/AlGaAs/AlAs superlattice grown by MOVPE (Metal 
Organic Vapour Phase Epitaxy) superlattice. The obtained full-widths at half maxima 
(FWHM's) from the profile correspond well with the nominal thicknesses of AlGaAs 
(465 A) and AlAs (470 A) layers and also with those obtained from our GIXS (Grazing 
Incidence X-ray Scattering) measurements. It has been found that AlGaAs on AlAs 
interfaces are sharp, whereas, AlAs on AlGaAs interfaces are broadened. The interface 
broadening in this case, estimated from the leading and trailing parts of Al signal, is found 
to be almost twice that in the case of AlGaAs grown on AlAs. The asymmetric inter- 
mixing of the interfaces has been coroborated by the asymmetry in interface-roughness, 
measured by x-ray reflectivity. The broadened AlAs on AlGaAs interface shows a larger 
roughness (~ 170 A), whereas the sharper AlGaAs on AlAs interface shows a roughness 
of ~ 3.0 A which is more or less the same as that of the air/film interface. 

It has been found that in favourable cases, the depth resolution can be improved 
significantly by the incorporation of primary reactive ions (matrix dilution) which may 
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samples can retain a smooth surface during sputtering, thus causing the depth resolution 
to improve considerably. Unfortunately, attempts to amorphize polycrystalline samples 
by implantation are not always successful. The angle of beam incidence has been found 
to be an important parameter to accomplish amorphization. The interface width in a film 
of Al on TiN was found to be very small for incident angles below 30 where Al was 
shown to be fully oxidized [35]. 

Recently, a systematic study of the diffusion behaviour through SIMS has been made 
[36-39] in view of the optimization of LiNbOs optical waveguides. Anisotropy in the 
diffusion rate has been observed for different crystal-cut directions. Such investigations 
have proved to be quite effective in the optimization of refractive index parameters in 
rare-earth (Er)-doped Ti-diffused LiNbOs systems [40] in which Er-doping has found to 
develop optical amplification and lasing actions. 



8. Conclusions 

After having discussed much of this technique, we can now summarize by listing the 
features of SIMS. These are as follows: 

1. SIMS is essentially a consumptive microanalytical technique as it is based on the 
sputtering of material. The random errors are negligible here as sufficiently large 
count-rates are involved in measurements. 

2. All elements, including isotopes, are detectable. Elements and chemical compounds 
can be identified and quantified. An advantage of SIMS is that the secondary ion 
intensities can be measured over a high dynamic range, as broad as 9 orders of magni- 
tude, compared to a factor of 100 as for AES and XPS. 

3. Organic samples can be analysed. Detection of masses up to 10,000 amu with adequate 
mass resolution is possible with TOP-SIMS. 

There are enormous examples of materials analyses where SIMS has been applied 
quite successfully. However, in view of the fact that reliable standards or calibration 
techniques are essential for any precise SIMS analysis, other complimentary analytical 
methods like RBS (Rutherford Backscattering Spectrometry), XPS (X-ray Photoelectron 
Spectroscopy), AES (Auger Electron Spectroscopy), ISS (Ion Scattering Spectroscopy), 
etc. are often needed for precise quantitative characterization of surfaces and inter- 
faces. Therefore, just as any other method, the use of SIMS could be restricted to 
problems for which it has a distinct advantage over the other analytical techniques. For 
example, quantification through SIMS is recommended only in cases where extremely 
small detection-limit (~ppb) or extremely high depth-resolution (~ 10 A or less) is 
required. 



Acknowledgement 

The author is thankful to Prof. S D Dey for introducing the author to this subject. 



P Sigmund, Phys. Rev. 184, 383 (1969) 

P Sigmund, in Inelastic Ion Surface Collisions edited by N H Tolk, J C Tully, W Heiland and 

C W White (Academic Press, NY, 1977) p. 121 

H H Andersen and H L Bay, J. Appi Phys. 45, 953 (1974) 

A Benninghoven, F G Rudenauer and H W Werner, Secondary Ion Mass Spectrometry 

(Wiley, NY, 1987) p. 296-326 

Z Sroubek, in Proceedings of SIMS VI edited by A Benninghoven et al (Wiley, 1987) p. 17 

M L Yu, in Proceedings of SIMS VI edited by A Benninghoven et al (Wiley, NY, 1987) p. 41 

R Canteri, L Moro and M Anderle, in Proceedings of SIMS VIII edited by A Benninghoven 

et al (Wiley, NY, 1991) p. 135 

H W Werner, Surf. Sci. 35, 458 (1973) 

A Benninghoven, F G Rudenauer and H W Werner, Secondary Ion Mass Spectrometry (Wiley, 

NY, 1987) p. 765 

C A Andersen and J R Hinthorne, Anal. Chem. 45, 142 (1973) 

K Wittmaack, Nucl Instrum. Methods 168, 343 (1980) 

G Blaise and G Slodzian, Surf. Sci. 40, 708 (1973) 

P Williams and C A Evans, Surf. Sci. 78, 324 (1978) 

P Williams, Secondary Ion Mass Spectrometry, in Applied Atomic Collision Physics 

(Academic Press, NY, 1983) vol. 4 

V R Deline C A Evans and P Williams, Appl. Phys. Lett. 33, 578 (1978) 

H D Hagstrum, in Inelastic Ion Surface Collisions (Academic Press, NY, 1997) p. 1 

M L Yu, Phys. Rev. Lett. 47, 1325 (1981) 

Z Sroubek, K Zdansky and J Zavadil, Phys. Rev. Lett. 45, 580 (1980) 

P Williams, Surf. Sci. 90, 588 (1979) 

A Benninghoven, Surf. Sci. 299, 246 (1994) 

R W Odom, SIMS imaging in Microscopic and Spectroscopic Imaging of the Chemical State 

edited by M D Morris (Marcel Dekker Inc., NY, 1993) p. 345 

A Benninghoven, in Ion Formation from Organic Solids, Springer-Series in Chemical Physics 

edited by A Benninghoven (Springer, Berlin, 1983) vol. 25, p. 640 

A Benninghoven, Surf. Sci. 28, 541 (1971) 

R G Wilson, F A Stevie and C W Magee, SIMS - A practical handbook for depth profiling and 

bulk impurity analysis (John Wiley and Sons, NY, 1 989) 

J A McHugh, in Methods of Surface Analysis edited by A W Czanderna (Elsevier, Amsterdam, 

1975) p. 223 

R J Blattner and C A Evans Jr., in Scanning Electron Microscopy edited by O Jahari (SEM, 

Chicago, 1980) 

H W Werner, Acta Electronica 19, 53 (1976) 

H W Werner, Surf. Interface Anal. 2, 56 (1980) 

M L Yu and W Renter, J. Appl. Phys. 52, 1489 (1981) 

Y Gao, J. Appl. Phys. 64, 3760 (1988) 

K Wittmaack, Nucl. Instrum. Meth. B85, 374 (1994) 

A S M A Haseeb, P Chakraborty, I Ahmed, F Caccavale and R Bertoncello, Thin Solid Films 

283, 140 (1996) 

H Oechsner, Scanning Microscopy 2, 9 (1988) 

M K Sanyal, A Dutta, A K Srivastava, B M Arora, S Banerjee, P Chakraborty, F Caccavale, 

O Sakata and H Hasizume Appl. Surf. Sci. 133, 98 (1998) 

W Palmer and K Wangemann, Surf. Interface Analysis 18, 52 (1992) 

F Caccavale, P Chakraborty, I Mansour, G Gianello, M Mazzoleni amd M Elena, J. Appl. 

Phys. 76, 7552 (1994) 

F Caccavale, P Chakraborty, A Capobianco, G Gianello and I Mansour, J. Appl. Phys. 78, 187 (1995) 

J M Almeida, G Boyle, A P Leite, R M de La Rue, C N Ironside, F Caccavale, P Chakraborty 



samples can retain a smooth surface during sputtering, thus causing the depth resolution 
to improve considerably. Unfortunately, attempts to amorphize polycrystalline samples 
by implantation are not always successful. The angle of beam incidence has been found 
to be an important parameter to accomplish amorphization. The interface width in a film 
of Al on TiN was found to be very small for incident angles below 30 where Al was 
shown to be fully oxidized [35]. 

Recently, a systematic study of the diffusion behaviour through SIMS has been made 
[36-39] in view of the optimization of LiNbOs optical waveguides. Anisotropy in the 
diffusion rate has been observed for different crystal-cut directions. Such investigations 
have proved to be quite effective in the optimization of refractive index parameters in 
rare-earth (Er)-doped Ti-diffused LiNbOa systems [40] in which Er-doping has found to 
develop optical amplification and lasing actions. 



8. Conclusions 

After having discussed much of this technique, we can now summarize by listing the 
features of SIMS. These are as follows: 

1. SIMS is essentially a consumptive microanalytical technique as it is based on the 
sputtering of material. The random errors are negligible here as sufficiently large 
count-rates are involved in measurements. 

2. All elements, including isotopes, are detectable. Elements and chemical compounds 
can be identified and quantified. An advantage of SIMS is that the secondary ion 
intensities can be measured over a high dynamic range, as broad as 9 orders of magni- 
tude, compared to a factor of 100 as for AES and XPS. 

3. Organic samples can be analysed. Detection of masses up to 10,000 amu with adequate 
mass resolution is possible with TOF-SEVIS. 

There are enormous examples of materials analyses where SIMS has been applied 
quite successfully. However, in view of the fact that reliable standards or calibration 
techniques are essential for any precise SIMS analysis, other complimentary analytical 
methods like RBS (Rutherford Backscattering Spectrometry), XPS (X-ray Photoelectron 
Spectroscopy), AES (Auger Electron Spectroscopy), ISS (Ion Scattering Spectroscopy), 
etc. are often needed for precise quantitative characterization of surfaces and inter- 
faces. Therefore, just as any other method, the use of SIMS could be restricted to 
problems for which it has a distinct advantage over the other analytical techniques. For 
example, quantification through SIMS is recommended only in cases where extremely 
small detection-limit (~ppb) or extremely high depth-resolution (~ 10 A or less) is 
required. 
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1. Introduction 

lonization is a well known process that plays a vital role in understanding many 
astrophysical and plasma phenomena, in particular a knowledge of ionization cross 
sections for atomic system is essential in the development of fusion research and 
technology. To date, a good number of theoretical and experimental investigations have 
been made on the ionization processes. In this article, we discuss the ionization of 
hydrogen atoms be charged particle impact. Regarding theoretical investigations, 
hydrogen is the only atomic system for which the initial and final state wave functions 
are exactly known, so the total ionization cross sections can be evaluated very accurately. 
We have calculated the ionization probabilities and then cross-sections of atomic 
hydrogen by electron, positron, proton and anti-proton impact. 

The theoretical investigation of the ionization process involves full complexities of the 
quantum mechanical three body problem and as such is too difficult to solve exactly. We 
consider here the ionization of atomic hydrogen by electron, positron, proton and anti- 
proton impact and discuss those in the consecutive sections. 



2. Electron impact ionization 

Development of the quantum theory of ionization by electron impact may be distinguished 
into three successive phases. 



The second phase occured during the 1960s when Peterkop [3] and Rudge and Seaton 
[4] developed theoretical formulations of the problem. They considered the special features 
due to the presence of three charged particles in the final state. It was still restricted to 
first order treatments in the electron target interaction though important conceptual 
progress was made during this second phase of calculation. At that time only the experi- 
mental values of total cross sections were available which can not provide a stringent test 
of the theories. Significant discrepancies between these measurements and first order 
theories were observed at low and intermediate energies. 

The third phase in the development of theories, had been done so far, was stimulated by 
(e, 1e] coincidence experiments by Ehrhardt et al [5] and Amaldi et al [6]. Such experi- 
ments, in which the kinematics of the collision is fully determined, provided the most 
complete test of the theory of electron impact ionization reactions. For a long time, 
several important features of these experiments remained unexplained. At present more 
refined theoretical investigations have been done with some success and elaborate 
experimental work for (e,2e) is being performed at many laboratories. Due to the 
enormous difficulty, theory is not yet able to give a very satisfactory account of the 
ionization problem covering the entire energy range. Here the form of the final state wave 
function, when both the scattered and the emitted electrons are very far from the proton 
deserves special consideration. To know this, one has to incorporate all the three interac- 
tions, the interactions between the scattered electron and the ejected electron as well as 
interactions between the proton and the scattered electron and the proton and the emitted 
electron. All these three are long range Coulomb interactions and no one of them should 
be neglected in comparison with the other two. 

Few years back Brauner et al [7] gave a form of the scattered wave function for the 
final state after ionization. This wave function, which depends on three interparticle 
Coulomb interactions satisfying the asymptotically correct boundary condition involves 
three appropriate cofluent hypergeornetric function as follows: 



r a + ik b r b ] x C(a pT , k a , r a ) x C(a cT , k b , r b ] 
x C(a e p,kab,r ab ), 

where the Coulomb part of the wave function is defined as 
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r a ,r b and k a ,k b are the position vectors and corresponding momenta of scattered and 
ejected electrons respectively. Here, 
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by Briggs and co-workers [8a-c], Roy et al [9a, b] and Bandyopadhyay et al [lOa-d] and 
few others. From the theoretical point of view, calculation of the triple differential cross 
section (TDCS) is the easiest while the calculations of the double differential (DDCS), 
single differential (SDCS) and finally the total ionization (TICS) cross sections are 
increasingly more and more difficult. On the experimental side the situation is just the 
reverse. In Bandyopadhyay et al [lOa] we have calculated the TDCS for ionization of 
hydrogen atom by electron impact including exchange effect using the above correlated 
three body continuum wave function for the final state. 

From the various works on electron impact ionization, it is very clear that the effect of 
the final state electron-electron correlation is very important in fast electron-atom 
ionizing collisions, particularly when the relative momentum of out going particles is 
small. Here all the three two-body interactions should be treated on an equal footing. This 
has led us to reconsider the investigation of the ionization cross-sections for hydrogen 
atom by electron impact, employing the symmetric form of the wave function which 
describes the three-body Coulomb continuum state. We use this wave function to 
calculate triple, double and single differential cross sections and the total cross sections, 
for investigating the ionization of hydrogen by electron [10a,b, d] and positron [lOa-d] 
impact. In the case of electron impact we have included the exchange effect in our 
calculations. We compare our triple differential cross section values mainly with the 
experimental results of McCarthy et al [11]. In Ehrhardt asymmetric geometry in which 
one electron emerges with a high velocity and other one with low velocity, it is observed 
that the exchange effect is small; but in symmetric geometry, when two electrons emerge 
with equal velocity, the exchange effect is appreciably high and hence can not be 
neglected. During our calculation we note that the results including exchange effect are 
quite sensitive to variation of the absolute value of the relative momentum in the exit 
channel. Attention is paid to the special case of equal energy sharing in the final channel, 
where scattered and ejected electron energies are equal and it is found that the exchange 
effect is remarkably high in this case. 

In a separate work [lOd], we have also calculated the single differential and total 
ionization cross sections of a hydrogen atom by electron impact. The calculated values of 
the single differential cross sections for the energy distribution of secondary electron and 
the total cross sections are compared with the available theoretical and experimental data. 
The spin asymmetries are also found and the ionization asymmetry is calculated. The 
values thus obtained are compared with the existing results. 



3. Positron impact ionization 

Positron is antiparticle of the electron and bears the same mass but opposite charge. 
Studies on positron impact ioinization can provide valuable insights into the dynamics of 
the process since, unlike the situation for electron impact, the projectile positron and the 
ionized electron are distinguishable. Due to the advancement of techniques within the last 
few decades the possibility of doing various atomic scattering experiments with positrons 
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by positron impact tor a wide-range ol incident energies and scattering parameters [ya, t>; 
10a-c]. As a projectile, the positron with its positive charge is much unlike the electron 
and hence significant difference has been observed in the cross sectional values for 
electron impact and positron impact. We have compared our above mentioned values by 
positron impact with other existing theoretical and experimental values. 

Recently Jones et al [12] have measured the total cross sections of ionization of 
hydrogen atom by electron and positron impact for kinetic energies varying from 15 to 
700 eV. Their values for positron impact are found to be significantly lower than those 
obtained previously by Spicher et al [13]. Many theoretical calculations have been done 
so far for the above and 'most of the positron impact results are for incident energies 
below 150 eV. We have calculated the total cross sections of the ionization of hydrogen 
atom by positron impact for incident energies ranging from 25 to 600 eV and compared 
them with the available experimental data of Jones et al [12] and Spicher et al [13]. Our 
values are in close agreement with the experimental data of Jones et al at energies from 
75 eV onwards. This shows that the three body Coulomb wave function considered as the 
final state is quite appropriate for high energies. Other available theoretical values for 
high energies lie above the values of Jones et al. 

The cusp-like peak in the energy spectrum of forward ejected electrons emitted in ion- 
atom collisions was observed in 1970. Many experimental and theoretical works were 
devoted to clarify the details of this phenomenon. This process is a special case of 
ionization when ionized electron is strongly influenced by the projectile and their 
velocities are the same. This process is called the electron capture to the continuum 
(ECC). The most important mechanism for the appearance of the ECC peak is the 
focussing of the ejected target electron into the direction of the outgoing projectile, due to 
the attractive interaction between them. 

For positron impact, ECC process has not been discovered experimentally. Only 
theoretical predictions exist. We [14] were the first who studied positron hydrogen 
angular scattering and found a pronounced peak in our DDCS results. We used Faddeev 
three-body wave function. Brauner and Briggs [15a,b] also showed the cusp-like 
structure at H target. 

In a different calculation [lOc] of positron-hydrogen ionizing collisions, we predicted 
pronounced ECC cusps in DDCS. Recently, Finch et al [16] performed a measurement to 
obtain DDCS values for positron-argon collision at 30. They did not find any evidence 
for ECC. 



4. Threshold law 

The energy dependence of the cross section a for the positron impact ionization of 
hydrogen atom near threshold is to a large extent determined by the form of final state 
wave function in quantum mechanical calculations. With one attractive Coulomb function 
corresponding to full screening of the target nuclear charge; one gets identical results for 
electron and positron impact in which a varies as 3 / 2 . 
With two Coulomb functions, one attractive and the other repulsive, Geltman [17] got 
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The phase condition of the final state wave function in the asymptotic region, is satisfied 
in neither of these two cases of full screening and no screening. Temkin [18] obtained a 
modulated linear law on the basis of his Coulomb dipole theory. 

An asymptotically correct final state wave function which involves three Coulomb 
functions [19] will involve one repulsive Coulomb function for both e~ and e + impact. In 
the final channel, there will be three interactions: (i) between the projectile and the target 
nucleus, (ii) between the projectile and the free electron which was originally bound in 
the atom and (iii) between the free electron and the target nucleus. When the projectile is 
the electron, the repulsive Coulomb function will correspond to the projectile-electron 
interaction, .and for positron impact on the other hand, the repulsive Coulomb function 
will correspond to the interaction between the positron and the target nucleus. Therefore 
according to Brauner et al [7] the use of the three Coulomb function in final state for the 
calculation of ionization cross section near threshold would lead to unphysical results for 
both electron and positron impact due to the exponential vanishing of the normalization 
constant arising from the repulsive Coulomb function. 

In our recent calculation [19] we have shown how the exponentially vanishing norma- 
lization factor due to repulsive positron-proton interaction is appropriately compensated 
for and a physical threshold law a ~ 3 / 2 is obtained. 

For e~ impact ionization, the Wannier [20] model based on classical theory gives a 
threshold law cr~ L127 for atomic hydrogen. In general, it is considered to be satisfactory. 

Quantum mechansical extension of this model was attempted by Peterkop [21], Rau 
[22] and others. Klar [23] extended the Wannier model for ^-impact ionization and 
obtained analytically a threshold law a ~ E 2 ' 65 for hydrogen atom. 

Kazansky, Ostrovsky and Sergeeva [24] have modified the Wannier threshold law for 
small but finite energy excess above threshold. 

For e + -impact, the Wannier threshold law is controversial. Dimitrijevic and Grujic [25] 
have obtained a threshold law a ~ E IM for e + -impact on hydrogen, by their classical 
trajectory study. The CTMC calculations of Wetmore and Olson [26], on the other hand, 
agree with the power law a ~ E 3 - 01 . 

We have evaluated analytically the cross section a for e + -impact ionization of 
hydrogen atom near threshold with the final state wave function involving three Coulomb 
functions. In contradiction to earlier result that a vanishes exponentially we get [19] 

a = 3- l irZ n exp(~~2)(2 1 / 2 - 1) 3 / 2 . 

It may be noted that the Wannier law does not give the absolute magnitude of the cross 
section, which is required for a quantitative comparison with experiment. 



5. Proton and antiproton impact 

An accurate knowledge of differential and total ionization cross sections for the colli- 
sions of proton with atomic hydrogen has important application in the diagnostics of 
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from proton. 

In the case of ionic impact we can simplify the problem by applying the impact 
parameter formalism in which the projectile ion may be assumed to move in a classical 
trajectory. However, in the case of ionization the final state contains three charged 
particles which mutually interact by long range Coulomb forces and as such the theore- 
tical treatment of the problem becomes quite complicated. 

Theoretical investigation on ionization by heavy particle collision started with the 
calculation of the total ionization cross section (TICS) by Bates and Griffmg [27] on 
proton-hydrogen collision by using first Born approximation (FBA). The calculated 
values in the higher energy region were in good agreement with the experimental data of 
Gilbody and Ireland [28] who performed their work about ten years later; however, a 
marked disagreement with the theoretical cross section values were seen below 200 keV 
with various measured data. 

Due to the long range nature of Coulomb potential, the distortion effects are 
appreciable even when two nuclei are very far apart. Salin [29] used the exact asymptotic 
condition and considered the distortion of target in the final channel. To improve the 
agreement with new experimental data for ionization by heavy ions, Crothers and 
McCann [30] introduced the continuum distorted wave-eikonal initial state (CDW-EIS) 
model in which the final state was chosen as in CDW, but the initial state was represented 
by a bound state distorted by projectile eikonal phase. 

Initially, only the total ionization cross section (TICS) values for proton impacting on 
atomic hydrogen were available. Fite et al [31], Shah et al [32] and Shah and Gilbody 
[33] measured the TICS values. Recently Kerby et al [34] accurately measured the 
differential cross section in ejected electron energy and angle of ionization of atomic 
hydrogen and molecular hydrogen by proton impact. As the calculation of TICS involves 
the interaction momenta of all the three particles in the final state, many important 
informations regarding the interaction and mechanism of ionization were not clear. 

Following the earlier work [35], we propose to apply Bora approximation in the impact 
parameter formalism to calculate the ionization cross section for the collision of hydrogen 
atom by proton and antiproton impact in the intermediate and high energy region. The 
final state wave function considers the electron to be moving in the continuum of both the 
projectile and target nuclei. 

Various computed results for the DDCS and TICS for the collision of proton with the 
ground and 2s state of hydrogen atoms are presented and compared with the various 
existing experimental findings and theoretical calculations. We also present our computed 
results of the ionization cross section for antiproton as projectile and compare them with 
the existing theoretical as well as experimental results. Knudsen et al [36] have measured 
the ionization cross sections for antiproton colliding with atomic hydrogen in the energies 
ranging between 30 to 1000 keV. The experimental results of ionization by antiproton 
impact has special importance due to the fact that here the absence of electron-transfer 
channel makes surer test of theoretical methods. 

In figure 1, we display our results of the total ionization cross section for collision of 
proton and antiproton with atomic hydrogen along with the available experimental 
measurements. The results nhtainerl hv r.lassiral trAip.r.tnrv Mrmfe fai-ln r'PTM^^ 
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Figure 1. Total cross sections for ionization of atomic hydrogen by proton and anti 

proton impact. Present results ( ) for proton; ( ) for anti proton; CTMC ( ) 

for proton, ( ) for antiproton. Experiment - for proton: n Shah et al [32]; m 

Shah and Gilbody [33]. 



results are in fairly good agreement with the CTMC results and the experimental 
measurements [32, 33] throughout the energy region considered. In the case of antiproton 
the present results almost coincide with CTMC in the low and intermediate energy 
region. With the increase of energy the present calculated results deviate slightly with the 
CTMC results. 

In figure 2, we compare our values for DDCS as a function of ejection angle with those 
of CTMC [38], Born [38] and CDW-EIS [38] and the observed data [38]. We have 
computed our values for ejected electron energy of 130eV and for 70keV proton impact. 
Our results agree well with the experimental data around the ejection angles of 60 to 120 
degrees. All the theoretical results including the present one show similar trend with the 
experimental observation. 

In figure 3, we present our results for the total ionization cross sections for P~ + H(2s) 
and p + H(2s) collisions for incident ion energies of 5 to 100 keV. For comparison we 
also present the calculated values of Ford et al [39] for proton impact obtained by one 
centered close coupling expansion method. At collision energies above 50keV the 
present results for total ionization cross section for p + H(2s) collision agree well with 
the calculation of Ford et al for electron removal cross section, obtained by adding the 
electron capture cross section with the ionization. From the calculated results it appears 
that the ionization cross section for collision with H(2sO in the case of proton impact are 
about as high as those obtained by the collision of antiproton. In the same figure we also 
present the results of Chen et al [40] for direct ionization of p + H(2s) collision obtained 
by two-center atomic orbital close coupling method. 
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Figure 2. DDCS results for ionization of atomic hydrogen by 70 keV proton impact 

as a function of ejection angle for ejection energy of 130eV. Present result ( ); 

CTMC [38] ( ); CDW-EIS [38] ( ); Born [38] ( ); Experiment 

[38} (.). 
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Figure 3. Total cross sections for ionization of H(2s) by proton and antiproton 

impact. Present: ( ) for proton, ( ) for anti proton; Ford et al [39] ( ) 

for electron removal; Chen et al [40] ( ) for direct ionization. 

In figure 4 we present our results for doubly differential cross sections as a function of 
electron ejection energy for 67 keV proton impact on atomic hydrogen. On comparison with 
the experiment of Kerby et al [41], we find the present results for variation of energy for the 
ejection angle of 50 agree reasonably well. However for the other angle, i.e. 30 there is 
some discrepancy with the experiment. In this case the present result shows a similar trend 
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Figure 4. DDCS results for ionization of atomic hydrogen by 67 keV proton impact 
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hydrogen in its ground state. We present here the results for several incident energies 
ranging from 10 to lOOOkeV. The present results agree well with the experiment 
throughout the energy range considered. In the present case the maximum is observed at 
about 45 keV which is almost the same as the experimental result. The present curve 
shows a trend similar in nature to that of the experiment. 

We compare our results with existing theoretical and experimental results. Our results 
for both proton and anti -proton impact agree well with experiments at intermediate and 
high energy region. 

When we consider ionization we should note that in addition to ionization there are 
always possibilities of elastic scattering, excitation and charge transfer as well, in the ground 
state or in the excited states which influence the ionization cross sections, especially in the 
low energy region. Recently we proposed a theoretical method to calculate ionization cross 
sections in heavy particle collisions by impact parameter formalism. There we consider the 
influence of coupling with the important bound states in the direct as well as in rearrange- 
ment channels in a two centered atomic state expansion method. This work is in progress. 
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Abstract A review of the state-of the-art of the research in the field of chemical interactions in 
silica and silicate glasses implanted with metal ions (e.g., Si, Ti, W, Ag, Cu, Cr) and N is presented 
in terms of new compounds formation. Moreover, under certain circumstances, the formation of 
nanometer-radius metal colloidal particles in a thin surface layer is observed. The chemical state of 
the implanted atoms is determined by X-ray photoelectron (XPS) and X-ray excited Auger-electron 
spectroscopies (XE-AES). Rutherford backscattering spectrometry (RBS) and secondary-ion mass 
spectrometry (SIMS) are used to determine the in-depth elemental distributions. Optical absorption 
measurements and transmission electron microscopy (TEM) are used to detect the presence of 
metallic clusters, as well as to determine their mean size and size distribution. A thermodynamics 
approach is used to explain the interaction between the implanted ion and the separate atomic 
species of the target glass and/ or between the implanted ion and the target molecular species. 

Keywords. Ion implantation; glass; chemical interaction; compound formation; metal nanoclusters. 
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1. Introduction 

Because of its unique features, research on ion implantation in insulators grew indepen- 
dently from works in the field of metals and semiconductors since the first years of 1970. 
Ion implantation in glasses attracted a large interest being one of the most attractive 
methods to incorporate virtually any element in a substrate and for the possibility to 
overcome the doping solubility limits. 

The interaction of energetic ions with an insulating glass target determines effects 
directly connected to radiation damage, such as mechanical stresses, density and compo- 
sition modifications, and consequent mechanical, optical and chemical durability property 
changes [1, 2]. In addition to these, depending on the choice of element and dielectric host, 
chemical interactions with the formation of particular compounds are possible [3-5]. 

The chemical role in determining the final properties of the implanted layers was first 
observed in experiments employing the double implantation of nitrogen and silicon in 
silica glasses [6-9]. Implantation of metal ions into glass is of particular interest since, 
depending on their reactivity with the substrate, they cause the synthesis of new com- 
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me implanted element, in tne present review results ootainea ror 5iU2 ana silicate glasses 
implanted with metals of different reactivity, i.e. silicon, titanium, tungsten, silver, copper 
and chromium are presented. Some of these samples have been successively implanted 
with nitrogen ions. 

Results are explained by using a two-step model where the ballistic effects are sepa- 
rated from the chemical (thermodynamic) driving forces. The thermodynamic approach 
to explaining the chemical interactions between implanted species and the substrate 
presents some uncertainty, due to the correct values of the 'local' temperature and, con- 
sequently of the Gibbs energy (AG). Moreover it is necessary to ascertain if the interac- 
tion is between the implanted ion and the separate atomic species of the target glass or 
between the implanted ion and the target molecular species. The AG values may be very 
different in the two cases [16]. 

The chemical state of the implanted metals is determined by X-ray photoelectron 
(XPS) and X-ray excited Auger-electron spectroscopies (XE-AES). Rutherford back- 
scattering spectrometry (RBS) and secondary-ion mass spectrometry (SIMS) is used to 
determine the in-depth elemental distributions, getting smooth and accurate concentration 
profiles up to several micrometers. Optical absorption measurements and transmission 
electron microscopy (TEM) are used to detect the presence of metallic clusters, as well as 
their mean size and size distribution. Experimental details are reported in previous papers 
[3,10,11]. 

2. Results and discussion 

2.1 Nitrogen and silicon+nitrogen implanted Si 



Three typical SIMS profiles of nitrogen in 50 keV N-implanted SiC>2 samples are shown 
in figure 1 [3]. Specimens implanted at low doses (between 2.5 x 10 15 and 1 x 10 16 cm" 2 ) 
show nitrogen distributions peaked at a depth in agreement with the expected R p value. At 
doses close to 5 x 10 16 cm" 2 the top of the N profile begins to be flat. Further increasing 
the dose, the nitrogen profile exhibits a long plateau, which extends from the surface up 
to depths much greater than the R p + A/? p , and increases with increasing dose [17]. 
Above 5 x 10 16 cm" 2 the total nitrogen amount retained in the sample begins to be 
significantly lower than the nominal implantation dose and eventually saturates at a value 
close to 1 x 10 17 cm~ 2 . Nitrogen in excess of this value is desorbed during implantation. 

The XPS analysis of the Si2p and Nl-s lines in implanted samples show binding energy 
(BE) peaks which can be associated with the formation of both silicon oxynitrides and 
nitrogen gaseous compounds [6]. 

The implant of silicon in SiC>2, besides the radiation damage of the su' 'ate, intro- 
duces an excess of Si atoms with the consequent formation of substoichibrfietric SiO* 
oxides and metallic silicon clusters. These species are chemically reactive, hence a 
pronounced interaction between them and the successively implanted nitrogen are 
expected. Figure 2 [3] compares the SIMS profiles of samples implanted at first with 29 Si 
and successively with nitrogen at SOkeVor lOOkeV. In the silicon+nitrogen (lOOkeV) 
implanted sample the distribution of nitrogen follows that of 29 Si and shows a peak 
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Figure 1. SIMS depth profiles of nitrogen implanted in silica at 50 keV and different 
doses. 
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Figure 2. SIMS depth profiles of 29 Si and nitrogen implanted in SiC>2 at 50 and 
lOOkeVin 29 Si+N-implanted sample. 



only-nitrogen implanted specimens. The nominal nitrogen dose is almost totally (i.e. 
about 90%) retained and only a minor deformation in the shape of the N profile towards 
higher depths is visible and is connected to the large penetration depth of the nitrogen 
ions with this energy. At a lower implantation energy (50keV) for nitrogen, its 
concentration increases, following the implanted silicon distribution, from a low value, 
close to the surface, to a large one at a depth of about 200 nm and then drops of more than 
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implantation. 

A N/N+O atomic ratio value of 0.25 has been determined close to the maximum of the 
implanted silicon distribution by XPS. Moreover, while the Nls peak of the oxynitride 
increases in intensity with depth, the peak attributed to molecular nitrogen does not. This 
suggested that the formation of molecular nitrogen precipitates is related to the radiation 
damage, but also that radiation damage plays a secondary role when chemical interactions 
can occur [3]. 

2.2 Titanium and titanium+nitrogen implanted SiO2 

The implantation of titanium in SiC>2 introduces a very reactive element in a chemically 
stable matrix and radiation damage of the substrate. In general, titanium silicides are well 
known stable compounds. According to thermodynamic considerations, the following 
reaction is allowed [18] 

jcTi + SiO 2 - TiySi + Ti JC _yO 2 ; 

thus, one can expect strong interactions between the implanted Ti atoms and the host 
matrix. 

After implantation of 30keV Ti in SiO 2> the XPS spectrum of the unresolved Si2p 
doublet (figure 3 [10]), at different depths from the surface up to a depth of about 2R p , 
shows two distinct components. One corresponds to the silica matrix, the other is consis- 
tent with the presence of titanium silicide. 

The XPS analysis of Ti2p and Ols BE peaks confirmed the formation of both titanium 
oxide (TiO 2 ) and titanium silicide (TiSi*, with variable stoichiometry) species [10]. In 
particular, above a concentration of about 20 at.%, the amount of titanium atoms in the 
silicide species exceeds the amount of Ti atoms in the oxide one. An oxygen depletion to 
a depth close to the maximum titanium concentration was also detected. 

Thermodynamic evaluation of AG for the reactions 

2Ti + SiO 2 - TiSi + TiO 2 , 
8Ti + 3Si0 2 -* Ti 5 Si 3 + 3TiO 2 

suggests only that the formation of both TiSi and Ti 5 Sis species is possible. 

The formation of TiSi or TisSis is expected to depend on titanium local concentration. 
In particular, near R p , the Ti 5 Si3 compound should be favoured with respect to TiSi. 
However, oxygen loss due to radiation damage can play a role in determining the 
final product ratio (tisilicide/tioxide). There is no evidence of metallic titanium and/or 
silicon formation. At the same time at depths larger than R p + A/? p , an oxygen excess 
was observed even if TiSi is still present. This oxygen excess is probably connected to 
the displaced oxygen atoms which migrate toward the bulk following the radiation 
damage. 

On the basis of the above results, and in agreement with a model proposed by Kelly 
[19], the mechanism involved in Ti implantation in silica can be correctly described on 
the basis of the following two-step model: 
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Figure 3. XPS spectrum of the Si(2/? 3 / 2 +i/2) doublet, at different depth from the 
surface up to a depth of 57 nm in 30keV Ti-implanted SiC>2. 

(1) a high energy ballistic process where titanium atom implantation will cause an 
oxygen depletion generating substoichiometric silica (SiO*) at depths lower than R p ; 

(2) a low energy, chemically (i.e., thermodynamically) guided, process which gives rise 
to TiSi* and TiO2 products. 

Thermodynamic considerations favour the formation of titanium silicides with respect 
to pure metallic Ti and Si. 

The TEM analysis of the 30 keV Ti implanted samples revealed the presence of small 
TiSi clusters very close to the surface. The largest clusters have diameters of about 20 nm 
and they appeared to be amorphous from the electron microdiffraction. The obtained 
relative concentration was [Ti]/[Si]= 1.1 0.3 [12]. 

Figure 4 shows the SIMS profiles of samples implanted first with 190keV titanium and 
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Figure 4. SIMS depth profiles of Ti and N implanted in SiO 2 at 40, 70 and lOOkeV 
in Ti+N-impl anted sample. 



concentration profiles are detectable as a function of the nitrogen implantation condi- 
tions; on the other hand nitrogen profiles are strictly related to those of titanium, in a way 
similar to that observed for the silicon+nitrogen implanted samples. When N is implanted 
at 40 keV its concentration increases as that of Ti increases and drops quite sharply when 
the effective maximum penetration depth for the nitrogen ions is reached. A large part of 
the implanted nitrogen (about 50%) was desorbed. For the 70keV N implantation the 
shape of the nitrogen concentration profiles matches that of Ti. For deeper nitrogen 
implants (100 keV) the N concentration profile follows that of Ti, with a tail at larger 
depth which indicate the maximum penetration depth of nitrogen at this energy. 

The more striking effect of the N implant in low energy Ti pre-implanted samples is the 
disappearance of the TiSi species. In fact the Ti2p and Si2p XPS peaks corresponding to 
TiSi are no more present after the N implant. Moreover, the depth profile of N follows the 
Ti profile making evident the interaction between these two elements. The N interaction 
with the Ti-implanted silica can be summarized as follows 

N + TiO 2 
N + TiSL 



Ti 



SiN. 



From a thermodynamic point of view, no significant differences in AG can be calculated 
for the nitrogen interaction with titanium silicide to obtain titanium and silicon nitrides or 
metallic titanium and silicon nitride. 



2.3 Tungsten and tungsten+nitrogen implanted SiO2 

While tungsten is less reactive than titanium, its peculiarity is to form clusters and 
structurally disordered oxides with chemically inequivalent metallic centres. The tendency 
of W in its higher oxidation states to polymerize and form bridges and/or direct bonds 
with other metals is well known. Thermodynamic considerations applied to this system 



reaction 

3W + 2SiO 2 -> WS1 2 + 2WO 2 ; 

is thermodynamically allowed but less favoured than formation of tungsten metallic 
precipitates: 

3W + Si0 2 -> W met + Si0 2 . 

As a consequence, the implantation of tungsten in silica will involve primarily precipita- 
tion of metallic W and no silicide formation. 

From the XPS analysis of the W4/, Si2p and Ols line peaks at implantation dose of 
5 x 10 16 cm" 2 metallic W precipitates as well as tungsten oxides (WO 2 and mixed WO*- 
SiO 2 ) have been detected [10]. 

At variance with the experimental evidence present in the Ti-implanted silica, the W 
implantation does not induce oxygen depletion up to R p , as observed from XPS and RBS 
analyses. At depths larger than R r , however, the Ti and W implantation induce the same 
effect, i.e., an oxygen increase to be related to displaced oxygen atoms which migrate 
toward the bulk following the radiation damage. This could imply formation of tungsten 
oxides, which from a thermodynamic point of view are disfavoured, due to radiation 
damage during the ballistic step and oxygen migration from the atmosphere. This inter- 
pretation explains the large amount of tungsten oxides and the corresponding absence of a 
silicon signal at the proper binding energy for any silicide or metallic silicon species. 

Nitrogen implantation of the W-implanted sample seemed to induce some variation in 
the W4/ XPS peak only in terms of relative intensity. From the analysis of both N\s and 
Si2p lines it results that after N implantation only tungsten oxynitride is present. However, 
the thermodynamic evaluation of the expected products of nitrogen introduced in the W- 
implanted silica network is unattainable because no data are available for silicon and 
tungsten oxynitride species. 

2.4 Silver and silver+nitrogen implanted SiOi 

Silver does not react with SiO2, hence we do not expect strong interactions of the 
implanted silver atoms with both the host matrix and the successively implanted nitrogen 
atoms. 

The RBS profile of Ag implanted in silica has a nearly-Gaussian shape, but slightly 
broader than the calculated one and with an appreciable amount of atoms present at the 
surface (see figure 5, [3]). This effect is due to the very high mobility of Ag in SiO 2 , 
mobility which is enhanced by the radiation damage. The successive implant of 50keV N 
ions causes an impressive modification of the silver profile: near the surface and at a 
depth comparable to the nitrogen projected range silver is completely depleted, it accu- 
mulates, forming sharp peaks, very close to the previous position of the maximum 
concentration and at a depth larger than R p + AR P value of the nitrogen ions. About one 
half of the implanted Ag disappears. The implant of lOOkeV N ions, being deeper than 
the region where silver atoms are located, does not cause a depletion within the Ag 
profile, but a narrowing of the silver distribution around the depth at which the maximum 
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Figure 5. RBS signals of silver, in Ag-implanted SiO 2 ( ) before and after the 
implantation of nitrogen at the energies of () 50 and (x) 100 keV. 

What has been observed is consistent with the competition of two mechanisms: (i) a 
diffusion of Ag atoms, coupled with radiation-induced defects, which results in the 
depletion of silver in the region where nitrogen ions deposit the most part of their energy 
and a migration to the surface where Ag is preferentially sputtered; and (ii) the aggrega- 
tion of the dispersed silver atoms to form metallic colloidal particles which are no more 
mobile under the defect flux. The latter phenomenon is responsible for the narrowing of 
the silver distribution around the position where the maximum in the concentration 
occurs. SIMS analysis of the nitrogen concentration profiles shows that in all cases the N 
depth distribution is not influenced by the silver profile and is flat up to the maximum 
nitrogen penetration depth, as observed in the samples implanted only with nitrogen (see 
above). 

The hypothesis of noninteraction between the implanted silver atoms and the host matrix 
is confirmed by the XPS analysis. The silver distribution does not modify the silicon and 
oxygen concentration profile. From the analysis of the Ag3d peak position it results that the 
implanted silver atoms precipitate to form small metallic islands whose dimensions and 
concentration influences the line position. The successive nitrogen implant does not 
produce a chemical, but mainly a physical effect by contracting the Ag distribution. 

Colloidal silver precipitates should give an optical absorption band centred at a wave- 
length of about 400 nm. This is what occurs in our samples. The optical absorption of 
samples implanted with Ag and Ag+N ions is shown in figure 6 [3]. An appreciable 
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Figure 6. Optical absorption peak, as a function of wavelength, for Ag and Ag+N 
implanted SiC>2. 

the implantation near the maximum concentration, favoured in doing this by the radiation 
enhanced diffusion. 

The successive N implantation, beside causing the loss of silver observed in the RBS 
spectra, favours the increase in number and size of these colloidal particles (as a conse- 
quence the intensity of the absorption band increases) by enhancing the Ag diffusion by 
radiation and beam heating effects. 

2.5 Copper implantation 

2.5.1 Fused silica samples: In copper-implanted SiOa, the copper depth concentration 
profile, reported in figure 7, shows the usual bimodal character [11]. It results from the 
analysis of the XPS Cu2p and XE-AES CuLMM signals that in the region where atomic 
copper percentage exceeds 2% the presence of metallic Cu as well as dispersed oxidized 
copper atoms. The optical absorption spectrum of this sample confirms the presence of 
metallic precipitates: it displays an absorption band peaked at a wavelength of about 
560 nm, typical for surface plasmon resonance in copper quantum dots. It results from 
TEM analysis that copper clusters have a mean diameter of 6.51.5nm with a fee 
structure, corresponding to lattice parameters of elemental copper crystals and are 
randomly oriented. 

2.5.2 Soda-lime glass samples: In the soda-lime glass the copper depth concentration 
profile, reported in figure 8 [1 1] is approximately Gaussian in shape. At the same time the 
sodium profile displays a typical depletion connected to the radiation-enhanced diffusion 
of the alkaline element and its preferential sputtering during implantation [21]. 

XPS and XE-AES copper signals for this sample are the same seen for fused silica with 
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Figure 7. Copper depth profile, obtained by XPS, in Cu-implanted 
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Figure 8. Cu and Na depth profiles, obtained by XPS, in Cu-implanted soda-lime 
glass. 



atoms and Na concentration is evident: the atomic sites left free by sodium atoms seem 
not to influence the metal colloid formation, since this formation takes place only where 
the copper concentration exceeds the 2% threshold. TEM measurements confirmed the 
presence of metallic precipitates whose diameter distribution is peaked about 4.51.5 nm, 
with a structure similar to that already observed in copper-implanted fused silica. Never- 
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Figure 9. Copper and nitrogen profiles, obtained by XPS, in Cu-implanted soda- 
lime glass. 



and TEM results because of the decrease in the value of the index of refraction of ion- 
implanted soda-lime glasses mainly related to the near-surface sodium depletion [22]. As 
a consequence the metallic cluster volume is smaller in soda-lime glass with respect to 
that in SiC>2 and the copper nanocluster-related absorption is below the sensitivity of the 
used instrument [11]. 

2.5.3 Double implantation in Sr'02 (Cu+N, Cu+Ar): The 100 keV nitrogen irradiation in 
copper-implanted fused silica causes the diffusion of copper towards the surface where it 
partially accumulates and is sputtered by the incoming ions. Now at every depth the Cu 
concentration is lower than 3% and the concentration profile, reported in figure 9, shows 
no bimodal shape. XPS and XE-AES analyses of Cu2p, CuLMM and Nls signals indicate 
the formation of nitrides and oxynitrides related to copper. Moreover, the nitrogen depth 
profile follows the copper distribution and shows a plateau only at depths where Cu is not 
present. Thus it can be assumed that nitrogen reacts not only with the silica substrate but 
also with implanted copper causing the dissolution of metal clusters. The absence of a 
Nls XPS component, connected to the formation of molecular nitrogen, is another 
indication of a large chemical reactivity of N with pre-implanted species. 

Optical absorption measurements show no characteristic band indicative of the presence 
of metallic Cu clusters. 

In order to distinguish between chemical and radiation damage effects, a copper- 
implanted SiO 2 sample was irradiated with argon. Ar implantation parameters were chosen 
to have energy deposition conditions similar to those of nitrogen implantation. As detected 
by XPS and XE-AES this argon irradiation does not modify the copper oxidation states 
compared to the Cu-implanted silica sample. The optical absorption spectrum of the 
sample confirms the presence of metallic precipitates since the optical absorption band of 
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Figure 10. Cu, Na and N depth profiles, obtained by XPS, in Cu+N (100 keV) 
implanted soda-lime glass. 



physical modifications induced by ion implantation alone are unable to induce dissolution 
of metallic clusters. 

2.5.4 Double implantation in soda-lime glass (Cu+N, Cu+Ar): Copper, sodium, and 
nitrogen depth concentration profiles in the lOOkeV nitrogen-irradiated copper-implanted 
soda-lime glass are reported in figure 10 [11]. A movement of copper atoms towards the 
surface is again evident, with a loss of Cu because of sputtering. The maximum copper 
concentration is now about 5 at.%. 

Since the nitrogen range in this case well exceeds the depth at which Cu was implanted 
and sodium formerly depleted, this N irradiation induces also a further movement of 
sodium resulting in the increase of the width of the sodium depleted layer and an accu- 
mulation of Na in the near surface region where copper is also present. There seems to be 
no correlation between nitrogen and copper profiles, indicating that chemical interactions 
between Cu and N in this sample are, if present, much weaker than in the case of fused 
silica subjected to the same implantation conditions. 

Sodium and nitrogen profiles are coincident to those measured in a soda-lime glass in 
the absence of the copper implantation. 

From XPS and XE-AES copper spectra the presence of metallic Cu as well as Cu in an 
'intermediate' chemical state has been observed. At the surface, all copper atoms are 
present in the 'intermediate' chemical state. In depth, metallic Cu is present only where 
the copper concentration is above about 2 at.%. The presence of metallic Cu clusters is 
confirmed by the presence of the band centred at 560 nm in the optical absorption 
spectrum. The absence of chemical interaction between Cu and N is confirmed by the 
B.E. of the Nlj XPS peak, which is the same in 100 keV N-irradiated soda-lime samples 

both with and withnnt the f!n imnlflntntinn Th<*. pnnalitv rf this valnp anrl the np.ar 



JN reacts only wim me nost matrix to rorm silicon oxymtnaes (SiU^JNy, see above). 

The appearance of the characteristic optical absorption band in this sample can be 
tentatively explained by considering that, as a consequence of chemical interactions 
between nitrogen and the glass matrix, high-refractive index compounds SiOjcNj, are 
formed in the region where copper is present, thus increasing the extinction coefficient. 

Further evidence of the effect of chemical interaction between the substrate and the 
implanted ions comes from the analysis of the argon irradiation of the copper-implanted 
soda-lime glass. The copper concentration profile is very similar to that after nitrogen 
irradiation, while the surface concentration of sodium is now reduced to about 2 at.%. 
Even if the maximum Cu concentration (4 at.%) is well above the 'solubility threshold', 
above which in the single copper-implanted samples the metallic Cu precipitation occurs, 
XPS and XE-AES measurements show that all the copper is present in the form of Cu2O. 
Therefore, argon irradiation (only energy deposition without chemical interaction) causes 
the dissolution of copper clusters. Moreover, in the surface region where Cu moves, 
sodium-free sites are in excess, thus favoring a bond formation between the copper atoms 
and oxygen. 

The optical absorption measurements show no characteristic absorption band due to 
metallic copper clusters. 

2.6 Chromium implantation 

The implant of chromium in SiC2 introduces a reactive element in a chemically stable 
matrix. Obviously, the radiation damage along the ion track induces large modifications 
in the target reactivity, improving the chemical interaction between Cr and the target. 
Chromium oxides are very stable compounds; chromium silicide species are stable 
compounds as well [23]. Therefore, as a result of silica irradiation with chromium ions, 
the formation of both chromium oxides and silicides can be expected. 

As mentioned above, the chemical interactions in titanium- and tungsten-implanted 
fused silica lead to the formation of a considerable amount of titanium silicide, even at 
depths where the relative titanium atomic concentration was only a few percent. At the 
same time, no tungsten silicide has been detected. From a thermodynamic point of view 
this is understandable if one observes the Gibbs energy values of these compounds [16]. 
If we consider the chemical behaviour of Cr with respect to that of Ti and W, we observe 
that titanium silicide formation is favored with respect to chromium silicide; this latter is 
more stable than tungsten silicide. As far the oxides, TiO 2 and Cr 2 O 3 have similar Gibbs 
energy values. Therefore, formation of chromium silicide in chromium-implanted silica is 
expected only when a relatively high value of Cr atomic concentration is present. 

XPS analyses show lines that are characteristic of both chromium oxides, in particular 
of the QiOs compound, and chromium silicide species. 



3. Conclusions 

The formation of titanium silicide and titanium oxide compounds is observed in Ti- 



and substoichiometric silicon nitrides while interaction between nitrogen and TiO 2 causes 
the formation of titanium oxynitrides. The N implantation in W pre-implanted silica 
enables the formation of tungsten oxynitrides. The formation of CrSi x and Cr2O3 species 
in Cr-implanted silica has also been observed. 

These different results are explained by using a two-step model where the physical 
(ballistic) effects have been separated from the chemical (thermodynamic) driving forces. 
In particular, the high reactivity of Ti with a local oxygen depletion caused by the 
implantation damage leads to the formation of elevated quantities of titanium silicide. 
Thermodynamic considerations indicate that the silicide formation is clearly favoured 
with respect to metallic titanium and silicon species and its stoichiometry, TiSi or 
TisSis depends on the local titanium concentration. The subsequent implantation of N 
destroys titanium silicide, inducing the formation of titanium metallic clusters and 
substoichiometric silicon nitrides. Interaction between nitrogen and TiO2 causes the 
formation of titanium oxynitrides. The experimental findings of metallic precipitates in 
W-implanted samples also follow the thermodynamic indications, while the formation of 
oxides can be explained considering both radiation damage during the ballistic step and 
oxygen migration into the sample from atmosphere toward the initially depleted zone 
when the tungsten-implanted sample is brought into air. The subsequent implantation 
of nitrogen causes only partial transformation of metallic precipitates to tungsten 
oxynitrides. 

In the case of silica glass implanted with chromium ions the high-energy ballistic 
process causes the displacement of oxygen atoms at depths less than the projected range 
(R p ) via radiation damage; as a consequence oxygen atoms migrate towards the bulk 
giving rise to an oxygen increase at depths greater than R p . At the same time the 
interaction of energetic Cr ions with the substrate can be described by a low-energy 
process chemically (i.e. thermodynamically) guided, in which chromium oxides and 
silicides are formed. A satisfactory understanding of the target modifications induced by 
the chromium ion implantation should also consider the phenomenon of oxygen diffusion 
from the outermost layers in the low-energy implanted samples. 

The thermodynamic approach to explaining the chemical interactions between implanted 
species and the substrate presents some uncertainty, due to the correct values of the 'local' 
temperature and, consequently, of the Gibbs energy (AG). Moreover it is necessary to 
ascertain if the interaction is between the implanted ion and the separate atomic species 
of the target glass or between the implanted ion and the target molecular species. The 
AG values may be very different in the two cases. It has been proposed to consider 
the free energy of oxide formation as the quantity which gives the measure of the 
chemical interaction, i.e. colloid formation occurs when the Gibbs free energy of 
formation of oxides of an implanted element M, AG(M X O 2 ), is greater than that of 
SiC>2, AG(Si02). Since AG is a function of temperature, a temperature is needed to 
be specified to compare AG^M^) with AG(SiO 2 ). It has been estimated a fictive 
temperature in the implanted layer of about 3000 K. This criterion was successfully 
applied to eleven elements implanted in silica, but important exceptions hinder its 
general application. In the Ti-SiC>2 system, chemical effects play the major role taking 
into account that AG values for SiO? and TiO> are comoarable. On the other hand, in 
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different, the ballistic effects dominate. 

Ion implantation of metal ions (e.g. Ag, Cu) in glass substrates leads, under certain 
circumstances, to the formation of nanometer-radius colloidal particles in a thin surface 
layer. These particles exhibit an electron plasmon resonance which depends on the optical 
constants of the implanted metal and on the refractive index of the glass host. Glasses 
with metal clusters show an enhanced third-order susceptibility x^\ whose real part is 
related to the intensity-dependent refractive index rc 2 by n = 12 * TT* Re^ 3 V n o where 
n = + n 2 I, no is the linear refractive index and / is the light intensity. Dielectric and 
quantum confinement effects come into play in defining the nonlinear response of the 
composites in the picosecond range (fast nonlinearity): the intraband and interband 
electronic transitions that contribute to the effective x^ turn out to depend strongly on 
the type of metal, and on the form and size of the clusters, as well as on the metal- 
dielectric bonds. As a consequence the ion implantation technique may play an important 
role for the production of all-optical switching devices. 

In fused silica, as well as in soda-lime glass, copper implantation gives rise to metallic 
clusters formation for copper concentration above a threshold value of about 2 at.%. 
These clusters have different radii largely determined by the irradiated substrate structure. 
After N implantation the inherent low chemical reactivity of nitrogen with fused 
silica favors a true chemical interaction between copper and nitrogen, i.e. the formation 
of copper nitride or oxynitride species dispersed in the matrix. As a consequence, metal 
precipitates dissolve. On the other hand the higher reactivity of soda-lime glass, due to 
nonbridging oxygen atoms, favors the interaction between the substrate and nitrogen 
(SiO^Ny formation) without dissolution of copper nanoclusters. Argon irradiation of 
copper-implanted glasses supports the hypothesis of chemically driven interactions. 
For fused silica the copper clusters remain after argon implantation indicating that 
the physical effects of irradiation are not sufficient to make the silica substrate reactive 
with respect to the implanted copper. On the other hand, in the soda-lime glass the 
depletion of sodium as well as the energy deposition favor interactions between 
implanted copper and oxygen with the formation of CuoO dispersed in the soda-lime 
matrix. 

The presence of amorphous silicide nanoprecipitates as a result of chromium or 
titanium ion irradiation of silica is detected. It is found that in the Ti-implanted sample 
a larger amount of silicide species are present in comparison with the Cr-implanted 
one. Moreover, chemical reactions between the dopant and silicon atoms begin to be 
detectable at lower dopant concentration in titanium - than chromium - implanted 
samples. This indicates that Ti-implanted atoms are more reactive than chromium 
implanted ones in terms of the formation of chemical bonds with silicon of the host silica 
matrix. 

The results achieved up to now and reported in this review are leading us toward a 
comprehensive understanding of the solid state chemistry of the implanted species in 
glasses. In the near future we will extend our study to other implanted elements and glass 
substrates, in order to verify the reliability of the two-step model. The thermodynamic 
approach supplies satisfactory predictions about chemical modifications of the target. 



The author is grateful to G W Arnold, G Battaglin, R Bertoncello, E Cattamzza, F Gonella, 
G Mattel, P Mazzoldi and F Trivillin whose results have been extensively used. 
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Abstract. The study of the ionization of atoms resulting in vacancies in their inner shells and the 
subsequent decay of the atomic-vacancy states by x-ray and Auger transitions continue to be an 
active area of interest. A rapid survey of the theoretical efforts to calculate the transition 
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1. Introduction 

In 1972 at Atlanta, Bernd Crasemann said the following in his summary of the interna- 
tional conference on the inner-shell processes: 'It seems to me that the main problems 
related to a single inner-shell vacancy production and decay now have very nearly been 
solved, both experimentally and theoretically, and that we have a good basic under- 
standing of ionization and of radiative and Auger transition probabilities and fluorescence 
yields.... The big challenge, I think, now lies in multiple vacancies. There, experiment has 
gotten ahead of theory and will have to stay ahead to provide a guide in solving some 
really complex and fascinating problems: collision mechanisms, transition-energy shifts, 
the formation of a vast array of satellite lines, and fluorescence yields in the presence of 
several vacancies'. I would like to take you through a guided tour, through the various 
stages of our understanding during the last 25 years since these remarks were made. It 
could be cast in the form of an autobiographical sketch of my own interests, but I will 



electron and pnoton impact neJp us to test me vanous theories or lomzation. 

Most of the experimental L-shell studies concentrate on the measurement of the x-rays 
emitted following the ionization. When a vacancy is created in an inner-shell, such as K, 
Lor M shell, it is quickly filled up by an electron from an outer shell. The excess energy 
in this transition is delivered as a photon or an Auger electron. The former we refer to as a 
radiative transition and the latter as non-radiative transition. The Auger process leaves the 
atom immediately, most of the time, in a double vacancy state, because one electron 
leaves the atom while another fills the vacancy. Figuritively speaking an inner-shell 
vacancy bubbles up into an outer shell. Since we will be talking about L-shell, with its 
subshells, we can distinguish those non-radiative transitions that promote the inner shell 
vacancy into one of the higher subshells of the same shell. These are referred to as 
Coster-Kronig transitions. There is also a possibility that an initial vacancy can lead to 
two vacancies in the subshells of the same shell. Such transitions are called super Coster- 
Kronig transitions. The probabilities of these atomic transitions are expressed in terms of 
x-ray fluorescence yields a;,-, Coster-Kronig yields fy and the fractional x-ray transition 
rates F x , and Auger yield a f . For example Lj-subshell x-ray fluorescence yield is defined 
as the number of Li-subshell characteristic x-rays emitted per Li-subshell vacancy 
present in a sample element. Both the experimental and theoretical efforts are directed 
towards obtaining these yields. Since the advent of semiconductor detectors for detecting 
x-rays in mid-sixties, the experimentalists heavily concentrated on measuring x-ray 
yields. 

The theoretical and experimental work until the early seventies has been thoroughly 
summarized in two comprehensive review articles [1]. Progress in the measurement of 
L-subshell x-ray and Coster-Kronig yields has been reviewed in several articles sub- 
sequently [2,3]. 



2. L-subshell yields of singly ionized atoms 

The methods used for measuring the L-subshell yields can be divided broadly into two 
categories, i.e. the singles spectrum method and coincidence methods, to use the language 
of the experimentalist. 

Measurements are scarce for light and medium heavy elements (Z < 47). A crystal 
spectrometer is used to detect the x-rays. Vacancy production is achieved by the impact of 
electrons and the number of vacancies in each subshell is taken from theoretical estimates 
of the ionization cross sections [4]. In principle a radioactive source can be used too, as 
demonstrated in the case of Z = 45 [5]. 

Radioactive decay has been the main source of innershell vacancies and these 
experiments for measuring L-shell yields began almost thirty years ago. The creation of 
inner shell vacancies takes place copiously in the processes of electron capture decay, 
internal conversion, and with less frequency in some higher order processes such as 
internal ionization and shake off and shake up mechanisms. The number of primary L 
vacancies created is estimated from known theoretical probabilities for these processes. 

For elements with high Z, the most widely used method is the (K a ) - (L x-ray) coin- 
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subshell yields are not accessible by similar techniques because K x-rays do not postulate 
LI vacancies. However, the internal conversion process in the radioactive decay results in 
a preponderance of LI vacancies in certain cases and these sources were used to measure 
the LI subshell yields, uj\, fa and fa, after correcting for the presence of Lq. and LB 
vacancies. Similar opportunities to measure the L\ subshell yields are available when 
radioactive decay is due to electron capture from K or L shells. In both these situations 
the theoretical estimates of internal conversion coefficients and orbital electron capture 
probabilities have to be used in estimating the primary vacancy distribution of L subshell 
vacancies. In suitable cases where conversion electrons of a specific subshell can be 
resolved and L x-rays characteristic of each subshell also can be resolved, it is possible to 
measure a complete set of L shell yields [6]. 

In principle, measurements of singles spectrum can permit the determination of all the 
L subshell yields, provided spectra for different known initial vacancy distributions 
are available. Such measurements were made in the case of a few radioactive decay 
sources [1]. A breakthrough in such measurements was achieved by using the conti- 
nuously tuneable, monochromatized synchrotron radiation [7]. Vacancy production 
by photoionization has certain advantages over other methods. The ionization of a parti- 
cular subshell can be simply switched on and off by tuning the energy of the primary 
photons across the absorption edge of the corresponding subshell. When the energy of 
the primary photons is tuned to atleast three energies each just above the threshold of 
an L-subshell the number of created vacancies is strongly varied. If at each energy 
the emitted L x-rays (or Auger electrons) are observed with sufficient resolution to 
separate the contributions from different L subshells, all L-subshell yields can be deter- 
mined. The theory of inner-shell photoionization is well understood [8]. The subshell 
ionization cross sections are known with comparatively high accuracy and comprehensive 
tabulations of relativistic Hartree-Slater (RHS) cross sections are available [9]. Several 
measurements by the synchrotron photoionization method have been performed already 
[10,11]. 



3. Theoretical estimates of L subshell yields 

Theoretical values of Auger and x-ray transition rates have been calculated with consi- 
derable success over the last two decades, even though some problems remain unre- 
solved. Most atomic inner-shell transitions are characterized by high transition energies 
and involve tightly bound electrons. In the decay of these excited atoms particle emission 
dominates when it is energetically possible except for K shell of heavy elements. For 
most atomic transitions the number of Auger and Coster-Kronig channels is very large 
and radiationless rates are high. Consequently x-ray emission contributes relatively less to 
the total width. Independent particle models are usually employed to perform atomic 
inner-shell calculations [1]. There are other sophisticated methods such as diagramatic 
many-body perturbation theory [12], close-coupling approximation [13] and complex 
rotation method [14, 15], but they are limited to a few light atoms due to their intrinsic 
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the mechanism of L vacancy production. 
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configuration interaction may be quite important. The multiconfiguration Dirac-Fock 
method is currency the most general scheme to incorporate these effects and hence it 
becomes the most widely used method in calculating the transition rates for highly 
charged ions [16, 17]. 

In the calculation of these transition rates, the creation of a hole state is assumed to be 
separate from the decay process. In this two-step process, the post-collision interaction 
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Widths 


Yields 


CK 12 


CK 13 


Auger 


Radiative 


Total 


/12 


/13 


Wl 


57 


0.760 


1.232 


1.524 


0.219 


3.735 


0.203 


0.330 


0.0586 


59 


0.800 


1.242 


1.571 


0.260 


3.873 


0.207 


0.321 


0.671 


62 


0.814 


1.349 


1.641 


0.334 


4.138 


0.197 


0.326 


0.0807 


66 


1.062 


1.615 


1.722 


0.456 


4.855 


0.219 


0.333 


0.0939 


71 


0.978 


1.841 


1.817 


0.654 


5.290 


0.185 


0.348 


0.124 


72 


0.962 


1.936 


1.839 


0.701 


5.438 


0.177 


0.356 


0.129 


73 


0.986 


1.978 


1.860 


0.752 


5.576 


0.177 


0.355 


0.135 


75 


1.002 


3.768 


1.901 


0.861 


7.532 


0.133 


0.500 


0.114 


77 


0.871 


5.295 


1.947 


0.982 


9.095 


0.0958 


0.582 


0.108 


78 


0.905 


6.013 


1.968 


1.048 


9.934 


0.0911 


0.605 


0.105 


79 


0.894 


7.333 


1.992 


1.117 


11.336 


0.0789 


0.647 


0.0985 


81 


0.715 


8.810 


2.036 


1.267 


12.828 


0.0557 


0.687 


0.0988 


82 


0.784 


9.038 


2.057 


1.349 


13.228 


0.0593 


0.683 


0.102 



rates are calculated independently. The frozen orbital approximation is frequently 
invoked by assuming the orthogonality between the initial and final one-electron wave 
functions. This assumption then leads to the transition matrix elements which depend 
only on the wavefunctions of the active electrons. An excellent review and summary of 
the calculation of x-ray and Auger transition rates can be found in the review article by 
Chen [18]. 

Comparison with theoretical calculations shows very good agreement for the LI and 3 
subshell yields [3]. Agreement between theory and experiment is not very good in the 
case of LI subshell. As pointed out by Jitschin, the Coster-Kronig yields for this subshell 
appear to be overestimated by the theory. These are quantities which are indirectly 
measured in all these experiments. It is the x-ray fluorescence yield which is directly 
measured in many cases. The existing experimental data for u\ is summarized in the 
following three tables. Table 1 lists all the theoretical [19,20] and experimental results. 
The values listed under the column 'Estimates' are taken from the semi-empirical fit by 
Krause [21], This set obviously requires some revisions in view of the new set of experi- 
mental and theoretical values available now. Table 2 lists all the sources from which this 
data is gathered. Table 3 lists the theoretical values of widths and yields for the subshell 
recently reported by Rao and Chen [20]. 

The experimental data confirm the characteristic trend of the theoretical values. 
However in the region of Z = 74 to 79, where additional Coster-Kronig transitions 
become energetically possible, the agreement between theory and experiment needs 
to be improved. The values obtained from radioactive-decay and proton-impact 
sources follow the trend of the theoretical values. The results obtained from both 
photoionization and electron impact sources indicate an increasing trend in the values 
as Z increases, in a region (Z = 74 to 79) where the theoretical estimates show a decreas- 
ing trend. Experiments that can lead to more accurate determination of wi, are very 
desirable. 



Z Measured quantity Method Increase over single 

vacancy yields 

49 (wzx)/(uJ eL ) = 1.16 0.10 (Lx-Lx) and (Lx-conversion 14% 

electron) coincidences [22] 

73 (wu.)/(cjKat) = 1-31 0.09 (Lx-Lx) and (Lx-Ka) 33% 

coincidences [23] 

ULL = 0.275 K Auger electron-Lx <10% 

(estimated from the measured coincidences [24] 
values of a;LJLi) 

80 (w u ) / (0*01.) = 1-20 0.08 (Lx-Lx) and (Lx-Ka) 20% 

from the decay of Au 198 coincidences [25] 

80 (wa)/(wff tt L) = 1-17 0.07 (Lx-Lx) and (Lx-Ka) 17% 
from the decay of Tl-204 coincidences [25] 

81 (wu.)/(fctarf.) = 1.15 0.07 (Lx-Lx) and (Lx-Ka) 15% 
from the decay of Hg-203 coincidences [25] 

82 ULL = 0.410 0.029 K Auger electron-Lx 10% 

coincidence [26] 

ULL is the average L x-ray yield per vacancy from the double L-vacancy states created during the K 
Auger electron emission. UK U L is the average L x-ray yield per vacancy from the single L-vacancy 
states created during the emission of K a x-ray emission. 



4. L x-ray emission from double L-vacancy atoms 

K-LL Auger transitions leave the atoms in states of two L shell vacancies. Their decay 
proceeds partly through a cascade of transitions resulting in the emission of two L x-rays. 
By determining the rate of coincidences between these two L x-rays, the L x-ray emission 
probability of the double L-vacancy states is obtained. Table 4 lists the available average 
L x-ray yields from double L-vacancy states measured using the radioactive sources. 
These values are compared with the estimated yields derived using single-vacancy 
atomic-state transition probabilities. 

Two possible explanations can be offered for the 15 to 20 per cent increase in the 
average L x-ray yield from the double L-vacancy states: (1) The presence of the spectator 
vacancy can alter the sensitive Coster-Kronig transition probabilities and can indirectly 
alter the radiative yields. (2) There is a possibility that more than two L vacancies can be 
created in the K Auger electron emission because of correlation effects. This would 
increase the (L x-ray)-(L x-ray) coincidence rates. For example at Z = 80, if the 15% 
increase in the observed value is attributed to the presence of KLLL transitions, approxi- 
mately 3% of the total K Auger electron emission may include KLLL Auger transitions. 

5. Multiple-vacancy atomic states and their decay 

The effects of multiple ionization which are the norm rather than exception in heavy-ion 
induced ionization, are not well understood. The presence of multiple ionization and its 



identity me transitions irom me muiupiy lonizeu siaies. mere is a aearm or tneoreucal 
know-how that can predict the x-ray yields from multiple vacancy states. 

One of the most powerful descriptions of the inner-shell ionization by charged particles 
was developed by Brandt and coworkers [27-31]. It was formulated in the framework of 
the perturbed stationary state (PSS) theory which is based on the first Born approximation. 
The most recent version of this theory (ECPSSR) includes the effects of Coulomb 
deflection of the projectile on the target nucleus, the distortion of the state of the atomic 
electron (change of the binding energy and polarization of the electron cloud), the 
relativistic nature of the electron, and the energy loss of the projectile during the ioniza- 
tion process. 

One of the questionable points of this theory is the binding energy correction. The fact 
that the change in the binding energy of the inner-shell electron due to the presence of the 
projectile is calculated using the stationary perturbation theory means that full adiabaticity 
of the perturbed atomic states is assumed. This is valid only at low collision velocities 
where the electron can adjust its state to the eigenfunction of the total Hamiltonian at every 
moment. The effect of non-adiabaticity increases with increasing collision velocity. 
Sarkadi [32, 33] has shown that the effect is comparable to that of polarization and electron 
capture. 

Theoretical models, which predict the inner-shell ionization probabilities have been 
tested extensively using the measured K x-ray production cross sections. On the other 
hand comparison between theory and experiment could not be carried out with the same 
confidence in the case of L-shell ionization particularly the heavy-ion induced ionization. 
The multiple vacancy production in the L-shell ionization caused by charged particles 
were noted by several workers. Olsen et al [34] studied the L x-ray spectra from proton, 
alpha-particle, and oxygen bombardment of Sn. They have established the presence of the 
satellite transitions resulting from multiple Af-shell vacancies. They noted that the 
relative intensities of these satellites are of the correct order of magnitude for a direct 
simultaneous Coulomb ionizalion mechanism. Bissinger et al [35] studied the Au L x-ray 
spectra produced by 16 O beam of 12-50 Me V. Their observed energy shifts indicate that 
multiple ionization is occurring. Burkhalter et al [36] have observed satellite peaks, 
belonging to the L a - and L$\ -lines of Ge bombarded by 4 He. Using the Hartree-Fock- 
Slater calculations, they found that energies of these peaks correspond to the L a - and L$\- 
satellite transitions in which multiple 3d-vacancies are present. They also observed the 
germanium satellite lines, induced by 20 Ne, which have energies corresponding to 
multiple (3d)' 1 plus TV-shell vacancies where n has values of 4, 5 and 6. Li et al [37] have 
compared the experimental ratios, 0-^3/0-^,2 and (TLI/&L2 for heavy elements (Z 2 = 73-92) 
bombarded by 1 H, 4 He, I2 C, 4 He and 16 O (Z\ = 1 to 8) with the predictions of the plane- 
wave Born approximation (PWBA), the semiclassical (SCA) and binary encounter (BEA) 
approximations. These ratios are lower than the theoretical predictions when the 
projectile energies are below 2 MeV/u and are higher for heavy projectiles. To test if 
these deviations are due to multiple ionization of the outer shells (M, N, 0, . . .), they 
compared the experimental ratios of L\/L a , L^IS/LQ and Lpi/L^i to the theoretical 
values obtained from Scofield's work [38] and concluded that the simultaneous L-plus M- 
shell, or L-plus Af-shell multiple ionization effects are small. 



heavy ion-bombardment in their studies of the L-shell ionization of gold by proton, alpha 
particle, carbon, nitrogen, oxygen projectiles in the energy range of 0.4 to 3.4MeV. Rao 
et al [39] investigated the L-shell ionization in Ho, Er, Tin, W, Tl, Pb, and Bi by 20MeV 
carbon ions and 37.5 MeV silicon ions. They have attributed the observed energy shifts of 
the L Q ,Lyi and L 74 x-rays to the presence of M-shell spectator vacancies. L Q /L 7 intensity 
ratios were compared with the theoretical predictions of the PWBA and BEA using 
single- vacancy L-shell yields. The disagreement with theories for Z > 74 was considered 
to be an indication of the multiple ionization. 

Bhattacharya et al [40] measured L-subshell ionization cross sections of 0.9 to 1 .8 MeV 
and concluded that the PWBA (with all the corrections included) does not agree well with 
the experiment. 

Jitshin et al [41] have given extensive comparisons between existing ionization 
theories and experimental data for the L-subshell ionization cross section ratios in gold 
bombarded by protons, alpha particles, lithium, berillium, carbon, oxygen, silicon, and 
sulphur ions with energies ranging from 0.23-6.7 MeV/u and noted considerable multiple 
ionization of higher shells. 

Jesus et al [42] reported experimental proton--, deutron- and alpha-induced L x-ray 
production absolute cross sections for gold, lead and uranium in the incident projectile 
energy range 0.2-0.9 MeV/u. The intensity ratios of different L x-ray transitions produced 
by the same projectile seem to show that the usually accepted single-vacancy state values 
of L-shell yields are unable to produce agreement with theory. 

It is clear from this brief survey that the effects of multiple ionization could be 
significant in the heavy-ion induced L-shell ionization. The most obvious effects are 

(a) the shifts in the energies of L x-ray lines due to the presence of the satellite lines and 

(b) the. change in the values of L-shell yields. 

Saris and Onderdelinden [43] have shown experimentally that cj/,2,3 of the argon atom 
increases by a factor of two as the incident energy of the projectile Ar + is doubled. The 
high degree of ionization created in the atom obviously diminishes the Auger transition 
probability and enhances the radiative probability. Larkins [44] introduced a method to 
determine the fluorescence yield of the 2p subshell in the defective atom. As the number 
of spectator vacancies present in the 3p subshell of the atom increased, the value of 0)^2,3 
could change by more than an order of magnitude. 

The observation of changes in energies is difficult because individual satellite 
lines were not resolved with the Si(Li) detectors or even crystal spectrometers. Instead 
a group of satellite lines corresponding to each of the diagram lines appears in a single 
broadened peak which represents the envelope of the photo peaks of the constituent 
lines. The centroid of this group shifts to an energy higher than that of the diagram 
line. The increase in energy is referred to as 'energy shift'. This energy shift is 
obviously a measure of the state of ionization of the atom. In their work on alpha- 
particle induced ionization, Olsen et al [34] have noted the presence of satellites in 
L/36, L/32,i5, 7 i and L 72 ,3 x-rays of tin. Centroid energy shifts in gold lines induced 
by oxygen-ion bombardment have been noted by Bissinger et al [35]. Rao et al [39] 
have also observed energy shifts in L x-rays from high z targets bombarded by car- 
bon and silicon ions. Schonfeldt [45] has measured energy shifts of the projectile lead 
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elements in the 70 < Z > 90 range. Thin metal targets were bombarded with 1 07 MeV 
Ag 6+ . From the observed L x-ray energy shifts and L x-ray emission rates, the L-shell 
ionization cross section ratios were deduced by adopting procedures that permit an 
estimation of the degree of multiple ionization and the values of the x-ray and Coster- 
Kronig yields in the presence of spectator vacancies. They showed that the branching 
ratios of L-subshell characteristic x-ray transitions are substantially altered by the 
presence of spectator vacancies. The observed L x-ray intensity ratios are consistent with 
Scofield rates, provided that these rates are multiplied by simple scaling factors. They 
deduced that the heavy-ion bombardment resulted in about 7 vacancies in the M shell, 
about 20 vacancies in the TV shell and about 7 vacancies in the O shell in addition to the 
single vacancy in the L shell. They have also established that the highest energy line in 
the L 7 series can be identified as an L\-O^ transition proceeding in the presence of 
numerous multiple vacancies. 

The multiple vacancies in the M and higher shells created during the ion-atom collision 
may not be all filled prior to radiative filling of the L vacancy, and therefore act as 
spectators during L x-ray emission As a result, the binding energies of all levels increase 
because of less screening of the nuclear charge. Because the binding energies of the inner 
shells shift more than those of the outer shells, the difference in binding energies between 
two particular levels widens with a consequent increase in the energy of the emitted x-ray. 
The energies of 10 L x-rays (L L , L a} , L Q2 , L/JI, L^, L 7) , L 7 2, L 7 3, L 7 4 and L 74 <) are 
calculated for the seven elements (Yb, Ta, W, Pt, Au, Pb and Th) studied in this work. 
These energies are found with a Dirac-Fock computer program [39] as differences of 
configuration-average total energies for various configurations up to 11 spectator vacan- 
cies in the M shell. The energy shift of an L x-ray for a particular configuration is 
determined by subtracting from its transition energy the corresponding value for the 
configuration with no M vacancies. The observed energy shifts in eV for the case of gold 
are 204 for L M 169 for L a , 212 for L^, 577 for L 7l , 546 for 1^,3, 874 for L 74;4 '. 

An average energy shift can be obtained by summing the energy shifts of all 
configurations and dividing by the sum of the M vacancies. For the Au L a line, for 
example the calculated average energy shift per M vacancy is 26 eV. From this value and 
the experimentally observed shift of 169eV, it is concluded that approximately seven M 
shell vacancies (denoted as V M } are present in addition to the single L vacancy during the 
L x-ray emisson in Au. The energy shifts due to vacancies in N and O shells are neglected 
because the average shifts per vacancy for the Au L a line are only 0.5 and 0.25 eV, 
respectively. 

The measured intensity ratios characteristic of transitions to the L\ , LI and L 3 subshells 
are compared with Scofield values. The L a /L t ratios - for which both transitions filling the 
3 vacancy originate from the M shell are only slightly smaller than the Scofield values, an 
observation which was also made earlier by Sarkadi and Mukoyama [24]. The situation is 
quite different with the branching ratios for transitions from different shells. The measured 
L/ji/L-,1 ratios are about 60% higher than the Scofield values. Qualitatively, this result 
implies that more vacancies are present in the N shell than in the M shell. The 1^2,3/^4,4' 
ratios similarly suggest that fewer vacancies present in the O shell than in the N shell. 
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(1979) 
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LI subshell x-ray fluorescence yields in the presence of spectator vacancies. 



70 Yb 

73 Ta 

74 W 

78 Pt 

79 Au 
82 Pb 
90 Th 



24 
20 
21 
20 
20 
21 
15 



0.191 
0.186 
0.196 
0.229 
0.236 
0.301 
0.141 



0.112 
0.137 
0.147 
0.114 
0.107 
0.112 
0.161 



LO. subshell x-ray fluorescence yields in the presence of spectator vacancies. 



70 Yb 

73 Ta 

74 W 

78 Pt 

79 Au 
82 Pb 
90 Th 



24 
20 
21 
20 
20 
21 
15 



0.410 
0.405 
0.418 
0.476 
0.479 
0.526 
0.601 



subshell x-ray fluorescence yields in the presence of spectator vacancies. 



0.116 

0.135 
0.137 
0.105 
0.0985 
0.102 
0.141 



0.222 
0.258 
0.270 
0.321 
0.334 
0.373 
0.479 



70 Yb 
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24 
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0.392 


0.210 


73 Ta 
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20 
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0.384 


0.343 


74 W 


7 


21 
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0.391 


0.255 


78Pt 


7 


20 


7 


0.434 


0.306 


79 Au 


7 


20 


7 


0.438 


0.320 


82 Pb 


7 


21 


8 


0.473 


0.360 


90 Th 


5 


15 


9 


0.535 


0.463 



To estimate the vacancies in the N and shells, a scaling procedure in which the 
Scofield rates are multiplied by a factor to take the energy shifts [45] into account and by 
an appropriate scaling factor (n s V s }/n s to account for the missing electrons [44], where 
n s is the number of electrons in the neutral atom and V s is the number of spectator 
vacancies in the multiply ionized atom for the 5 shell (s = M.N.O . . .). For gold cited 
above, where seven M vacancies are estimated, the measured L^\/L^\ ratio yields an 
estimate of 20 N vacancies (V#) through the application of this scaling procedure. In turn 
this VN value and the measured L 7 2,3/ 7 4,4' ratio imply seven 0-shell vacancies for Au. 
For gold nu = 18, n N = 32 and no = 18. 

The scaling procedure used above to estimate the number of missing electrons or 
vacancies, is applied to the available theoretical non-radiative and radiative transition 
rates for singly ionized atoms, and the L-shell x-ray fluoresence yields for atoms with 
multiple vacancies. Table 5 lists these values for the three subshells along with the values 
for the single-vacancy states taken from Krause's semi-empirical fit [21] and the 
calculations bv Chen el al F191. It is auite clear that the oresence of several 



multiple ionization effects on the L shell vacancy state decay. 



6. Conclusion 

The big challenge to understand the effect of multiple vacancies on the L-subshell 
transitions is under way. It is firmly established that the spectator vacancies alter not only 
the energies of the diagram lines but also the transition rates. Only scaling procedures are 
available now to estimate the transition rates for multiple vacancy states and theoretical 
procedures to calculate them directly are yet to be formulated. The experimentalists are 
still ahead of theory. 
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Electron-photon coincidence studies on electron impact 
excitation of lighter neutral atoms 
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Abstract. Recently we applied non-relativistic distorted wave approximation theory to study 
electron impact excitations in lighter atoms (viz. hydrogen, helium and some alkalis). Excitations 
from the ground and (or) initially excited metastable S states to next upper excited P and D states 
have been considered. Results for the differential cross-sections and electron-photon coincidence 
parameters are obtained. Here the theory and the calculation of various scattering parameters are 
described briefly and some selected results are presented and discussed. 
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1. Introduction 

Electron-atom scattering has been one of the most studied subject in the atomic and 
molecular collision physics having many important applications. It is still currently a very 
rapidly expanding field both theoretically and experimentally. The reason is partly due to 
the development of highly sophisticated experimental technology with which one can 
study in a realistic manner the very complex nature of the collision dynamics involved 
and partly the easy access to fast speed computers with which one can perforrn cumber- 
some calculations in a short time. For example, the coincidence detection of a decay 
photon from an excited atomic state and the exciting scattered electron after excitation is 
now a well established technique in the study of electron impact excitation of atoms. In 
fact, the electron-photon coincidence experiments have played a major role in the under- 
standing of an excitation process in a complete sense as well as in the refinement and 
development of theories for atomic excitations even since the pioneering experiments of 
Eminyan et al [1]. Although various excitation processes in the number of atoms have 
now been studied using this electron-photon coincidence technique most previous studies 
have been carried out for 2 2 P in hydrogen, 2 1>3 P states of helium and also for excitations 
in sodium and some inert gases. The field has been extensively reviewed by Andersen 
et al [2], Slevin and Chwirot [3] and Becker et al [4]. 

In the present talk I take up some of the work we recently carried out through our 
number of theoretical studies on the electron and positron impact excitation of the lighter 
atoms where relativistic effects are not important and can be neglected. In general our 
basic emphasis has been to study various excitations in different atoms where theoretical 



guide experimentalists. In particular, we have been interested in investigating the 
excitations where change in orbital angular momentum AL after excitation is one and 
more so that the radiation emitted from the excited anisotropic states could be analysed in 
coincidence with scattered electrons or positrons, giving the different photon-coincidence 
and angular correlation parameters. For our theoretical study we adopt fully quantum 
mechanical approach and describe the collision dynamics in the framework of a distorted 
wave approximation (DWA) theory. This approximation has proved in the recent years to 
be very reliable and successful for the study of different excitations and other inelastic 
processes involving impact of electrons or positrons with atomic systems especially at 
intermediate and high energies where low energy close-coupling//?-matrix methods fail 
or are difficult to extend accurately (see Bartschat [5]). 

We have carried out DWA calculations for the n = 1 to n = 3 transitions and the n = 2 
to n 3 and 4 transitions in hydrogen and helium as well as excitation of some of the 
lowest lying n 2 P and n 2 D states in lighter alkalis (viz. lithium, sodium and potassium) 
and reported our various results (see Verma and Srivastava [6-15] and Verma et al [16]). 
The same will be discussed here briefly by giving an outline of the theory and some 
selected results. 

2. Non-relativistic distorted wave approximation theory 

2.1 T-Matrix 

The exact T-matrix for the excitation of an atom (having N bound electrons) from an 
initial state T to a final state 'f ' by impact of electrons is given by (atomic units are used 
throughout) 



,#+!)), (1) 

where the total interaction potential is 



r j,N+i 

Here r^+i denotes the combined spin and space coordinate of the projectile electron 
while ri, r 2 , . . . , r# denote those of the bound electrons. The functions $ and ^ satisfy 
the following Schrodinger equations 



(3) 

and 

(#-E)#=0, (4) 

where the superscript plus on * denotes the outgoing-wave boundary condition. The total 
Hamiltonian of the system is H = HQ + V. Here HQ is the unperturbed Hamiltonian and E 
is the total energy of the system. Following the two potential formulation [17] we can 
write the exact r-matrix (1) alternatively as 



(5; 

where interaction potential is divided according to 

V=U f + Wf (6; 

and the function satisfies 



with U = Uf and follows ingoing-wave boundary condition. Here the division of V as 
expressed by eq. (6) is such that the scattering problem with Uf is aimed to be solvec 
exactly while the effect of the other part (i.e. Wf) can be treated in some approximation 
The first term in the T-matrix (eq. (5)) drops out for inelastic transition due to the 
orthogonal property of the target atomic wave functions, resulting the r-matrix in a form 

T if = (Xf\W f \*+}. (8) 

Since in the above , Wf, the solution of equation (4) cannot be obtained exactly one 
resorts to some approximation. For this purpose we adopt a distorted wave approximation 
(DWA). We expand % in terms of the usual distorted wave Green function Gj. = H 
(E-H -Ui+ ir?)" 1 in the following form [18, 19]: 



and use in the T-matrix (8) its first term only, which consequently gives the first-order 
distorted wave Born approximation to the T matrix as 7$, i.e. 

. (10) 



Here A is antisymmetrization operator to account for the electron exchange. Again 
V = U\ + W[ and xt satisfies equation (7) with U = U\. Further, expressing 



(11) 

and using equation (7), we get, 

#r<ft(f) = i(f)<ft(f) (12) 

and 

H V L + U W( N + lF +H (k i(f) ,^ + !) = [- e i(() ]*f H (k, (f) , N + 1). 

(13) 

Thus F + and F~ are the scattered projectile electron distorted wave functions in the 
initial and final channels respectively with the wave vectors kj and kf. X[(X} f is spin 
function for the composite system in initial (final) state. HI is the Hamiltonian of the 
target, fa and fy are the bound target-atom wave functions for the initial and final states, 
associated respectively with eigenenergies e\ and f such that 



and F~ so that the r-matrix (eq. (10)) can be evaluated, we need to define the distortion 
potentials U\ and Uf which are taken to be individually the sum of spherically averaged 
static potential, exchange potential and where available dipole form of polarization 
potential. As in a DWA method, in principle the distortion potential U\ or Uf can be 
chosen in any arbitrary suitable manner. We have adopted three different ways (see 
Madison et al [20]) i.e. taking in both the initial and final channels either the ground (II) 
or the excited (FF) distortion potential and as well as taking the initial state distortion 
in the initial channel and the final state distortion in the final channel (IF). Since 
polarizability of the atoms are available only in the ground state the polarization is 
included only in the n model and we call the calculation as IIP model of our DWA. 
After the distortion potentials are defined we expand the distorted waves F + and F~ 
in terms of partial waves and solve equation (13) numerically. We neglect all spin 
dependent interactions and therefore total spin S of the system and its z-component 
are conserved during the collision i.e. S X\ 1/2 = X? 1/2 and M s = M S{ + m? = 
MS, + m\. Here m\ is the z-component of projectile electron spin. Finally, by carrying out 
in a straightforward manner the angular momentum algebra involved and thereafter 
evaluating the occurring integrals numerically, we obtain the r-matrix (eq. (10)) for a 
particular excitation of a magnetic sub-state (Aff ) for every possible mode of total spin S 
values i.e. T-f(Mf). It is to be noted that this is related to the corresponding excitation 
amplitude a s M{ by 




The differential cross section is given by 

(16) 



M f 

with 

<r(M f ) = (a* f aJr f >> (17) 

where { ) indicates spin-averaging i.e. 

* 



< M < 2(25 + 
Here S- : is the total spin of the target atom in initial state. 

2.2 Electron-photon coincidence parameters 

Here we discuss scattering parameters which are involved in detection and analysis of 
photons emitted from the target atom after excitation and in coincidence with the 
scattered exciting electron as well as their relation with the scattering amplitude calcu- 
lated in the earlier section. 



2.2.1 Stokes parameters (Pi,P 2 ,P 3 and ^4): We have used the collision frame of 
reference i.e. the geometry where the incident electron is travelling in the z-direction and 
the collision takes place in x-z plane. Therefore, the usual experimental Stokes parameters, 
PI (i = l, 2, 3) measured perpendicular to the collision/scattering plane (i.e. polar 
angles of detector are 6> 7 = 90 and 7 = 90) can be defined as 

( } 

(20) 



7(0) +7(90) 
7(45) -7(135) 
7(45) +7(135) 

' 



where 7(/?) is the intensity of linearly polarized light with electric vector at an angle /? 
with respect to the incident-beam direction and 7+ and 7_ are the intensities of circularly 
polarized light with positive and negative helicity respectively. The P* Stokes parameters 
is defined in the same way as PI except that it is measured parallel to scattering plane i.e. 
7 = 90 and 7 - 0. 

Following Blum [21], the relationship between the state multipoles of the excited state 
of the atom (say, with orbital angular momentum Lf) and the Stokes parameters for the 
photons emitted through its decay to the state with L' i.e. for L? L' can be expressed as 




Lf L' 
with 

n(. A , / 2f 1 'i*' 1 '"^' 



- G 2 (L f )Re[(r(L f ) 2 + 2 )] j , (22) 

* )G 2 (L f )Re[(r(L f ) 2 + 1 )], (23) 
L 

}], (24) 
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\\ 

(25) 




The ?4 Stokes parameters can be obtained from the expression for PI i.e. from equations 
(23) and (25) by changing the sign of the state multipole (T(Lf)^. The curly braces { } 
denote the Wigner 6j symbol, uj is the frequency of the emitted photon, 7 is the decay 
constant, |(L'||r||Lf)| 2 is related to the oscillator strength of the radiative decay and 



and Go = 1. (26) 

Here Sf is the total spin of the excited atom and Jf = Lf + Sf is the total angular 
momentum. Further, the state multipoles are related to the scattering amplitudes by the 
following relations 

i ^ T \M 1 /O I I ,f If 

I rrt / T \ ~t~ \ ^ f 1 \ -t^f VW f / /) jr^* i -I \ 1 / . \ M -^'\ ** I 

M f M' { ^ f 

From the property of the 3j symbol the values of rank K and component Q of the 
multipoles are restricted to K < 2Lf and K <Q<K. 

The state mulitpoles have different physical meaning. The (T(L) J,) is measure of the 
overall population of the atomic state and gives the isotropic contribution of the coinci- 
dence rate. The {r(L)* fi ) describes the orientation of the atomic state and thus circular 
polarization of the emitted photons and the (T(L}^ describes the alignment of the 
atomic state and thus gives anisotropic part of coincidence rate and the linear polarization 
of emitted photon. 

2.2.2 Parameters of Andersen et al [2]: To describe the nascent charge cloud of the atom 
immediately after excitation Andersen et al [2] defined the parameters which can be 
related to the Stokes parameters. These are the alignment angle, 7, linear polarization, PI, 
height of the charge cloud, poo, and the angular momentum transferred perpendicular to 
the scattering plane, Lj_. We considered all the transitions where excitation involved is 
from an initial S state to either P or D excited state which decay by photon emission to 
lower allowed S or P state and for such cases the parameters are related to Stokes 
parameters by the following relations 

(28) 

Pi = \lP\+P^ (29) 

(30) 

\^ T n/y 

and 

Poo = ^ (for excited P state) 

2 + K 

3 K 

= - o ^ ^ (for excited D state) (31) 

Zs 

with 

K = 




Excitation of lighter neutral atoms 

Here / 5 i,/ > 2,/ J 3 and P 4 are the reduced Stokes parameters which may be obtained by 
using the same relations as for the measured Stokes parameters P\ ,^2,^3 and P4 given by 
equations (22)-(25) but with all the G K (L[) taken to be unity. 



3. Results and discussion 

3.1 Excitation of the n = 3 states of hydrogen and helium from the ground state 

Electron-impact excitation of the n = 2 states in hydrogen and helium are fairly well 
understood, both theoretically and experimentally, but not much attention has been paid 
to the n = 3 excitations from the point of view of angular correlation parameters. 
Recently new experimental results have been reported for angular correlation parameters 
for the n = 3 excitations. Thus the aim of the study has been to understand the excitations 
from the ground state to H (3 2 P and 3 2 Z)) and He (3 ! ' 3 P and 3 1)3 D) states and compare 
these with the new experimental data. 

Williams et al [22] have reported detailed measurements for angular correlation para- 
meters (ACP) and differential cross section for electron impact excitation of hydrogen 
atom to the 3 2 P states. They also presented converged close-coupling (CCC) approxi- 
mation calculations. We carried out calculations for the differential cross sections and 
angular correlation parameters in the distorted wave approximation. Our results agree 
very well with their results (see Verrna and Srivastava [6]). Further, for 3 1 ' 3 / 1 excitation, 
relatively more theoretical and experimental data are available but our study provides a 
systematic complete presentation of various results (see Verma and Srivastava [14]). As 
an illustration in figure 1, ACP results for 3 1 P excitation at 80 eV are shown. We find 
from this figure that though theoretical results qualitatively agree with experiment but 
quantitative agreement is not so good. 

Especially not much is known on the study of the excitation of the D states of atoms. 
Even for the simplest atoms like hydrogen and helium very little work exists for 
excitation of the 3D state. The reason obviously has been the complexities involved in 
studying such excitations because of their very low cross sections. Further, it is difficult to 
resolve the individual 3D states both from their fine structure states and from the other 
neighbouring S and P states in order to be able to measure the cross sections. However, 
the electron-photon angular and polarization techniques allow us to study the individual 
>-states by taking advantage of the fact that photons from the decay of 3D sub-states can 
be readily isolated. At the same time they provide very detailed information on the 
excitation process. We have therefore focused our attention on the n 3 excitations in 
hydrogen and helium especially dealing with their 3D excitations from the ground 15 
state. In the recent past for these excitations some experimental data have also been 
reported giving electron-photon coincidence results. For 3 2 D excitation in hydrogen 
experimental ACP results from Chwirot and Slevin [23], Farrell et al [24] and Kumar 
et al [251 are available. We performed DWA calculations in the light of these experiments 
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Figure 1. Stokes parameters (/*], PI, PS), Lj_, 7, PI parameters for the electron 

excited 3 1 P state in helium from the ground I 1 S state at , = 80 eV. Present 

FF results; Present IF results; Present II results; Present IIP 

results; -- CCC results (Fursa and Bray [29]); -- FOMBT results (Csanak and 
Cartwright [30]); Q Experiment (Eminyan et al [31]); Experiment (Beijers et al 
[32]); A Experiment (McAdams and Williams [33]). 



For studying \ 1 S-3 1 ' 3 D excitations in helium there has also been some previous 
calculations using various approximations (see Mikosza et al [26]) and Bray et al [27] 
and references therein). We have therefore extended our distorted wave approximation 
(DWA) theory for this excitation for the calculations of DCS and ACP. Further, we have 
also extended our calculation to the positron impact excitation of He (3 1 D). The results 
are obtained using different distortion potentials in DWA for Stokes parameters P\-P$, 
coherence parameters 7, P/, Lj. and poo and DCS. These are discussed and compared with 
the available theoretical and experimental results. We find that the DWA results are 
sensitive to the choice of the distortion potentials used in the calculation of the distorted 
waves (see Verma and Srivastava [11]). Figure 3 gives our results for the Stokes 
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parameters in case of 3'Z> excitation by electrons. We see that no single theoretical 
calculation reproduces the experimental data. meoretical 

3.2 Excitation from the initially excited n = 2 states of hydrogen and helium 

This work concerns with the excitation of atoms by electrons and positrons There are 
extensive sturHfis avaiiaKi ,^i; ...:*t. .i_. . . - puamui^. mere are 



of such .mportance it is only recently that the study of these excitations toveeot 
renewed mterest and more theoretical and experimental data are becoming TvailbTe 

In the present part of study we focussed our attention on the simplest atoms like 
hydrogen and hehum for which excitation from the ground state to few uppe "s 
almost fiurly becoming well understood and much is needed to study their excitation from 
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Figure 3. Stokes parameter P]-P4 for the electron impact 1 1 S-3 } D excitation of 

helium at ,- = 40 eV. Present FF results; Present IF results; 

Present H results; Present HP results; - - CCC results (Bray [27]); n Experiment 

(Batelaan et al [34]); Experiment (Mikosza et al [26]); A Experiment (Donnelly and 
Crowe [35]). 
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siaies. ror nenum couple or studies ooui ineoreucai ana experimental aeaimg 
excitation from the 2 1 5, 2 3 S states to higher states are available. On the other hand, for 
hydrogen first Born total cross section results are only reported. We have therefore taken 
up systematic theoretical calculation of excitation from the n = 2 states to the n = 3 and 
4 in hydrogen by impact of electrons and positrons. For the purpose of describing collision 
dynamics distorted wave approximation theory is used and calculations are performed to 
obtain differential cross section and total cross section results for 2 2 S-n 2 L (L = 0, 1 and 2) 
while the angular correlation parameters are obtained for the excitation of the P and D 
states which provide further insight of the collision phenomena as well as a stringent test 
of the theory. The details about the theory and the formulae along with the results can be 
seen in our paper (Verma and Srivastava [7, 15]). However, figure 4 gives our DWA 
results for Stokes parameters for the 2 2 S-3 2 D excitation by electrons at ,- = 20 eV. There 
are no other results for comparison. 

In continuation of the above study the extension is made to study the excitation of the 
metastable 2 3 S state to n lj3 L (n = 2, 3 and 4 and L = 0, 1 and 2) states of helium. For 
such excitations there are already available some experimental results and theoretical 
DWA, jR-matrix, eikonal approximation and first Born level calculations. In these the total 
cross sections and (or) differential cross sections for the 2 3 S-n 3 L transitions in helium 
(n = 3 and L = 0, 1 and 2) are reported. However, for 2 3 S-n 1 L excitations in helium 
only total cross section results are available. Thus a detailed study for such excitations in 
distorted wave approximation is carried out. 
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Figure 5. Differential cross sections in units of ira^sr^ for the electron impact 

2 3 5'-3 3 Z> excitation of helium at final electron energy of 20 eV. Present FF 

results; Present HP results; Present n results; - - FOMBT results 



is obtained. Further, our calculation suggests that the inclusion of the polarization 
potential may have a significant effect in some cases. The differential cross section 
calculations for 2 3 S-4 3 S, 4 3 P and 2 3 S-2 1 S, 2 1 P, 3'S, 3 1 ?, 3 1 /) and 4 ] P excitations have 
been carried out for the first time and these are therefore compared with the first Born 
level results. Whereas the total cross section results obtained for 2 3 5 1 -n 1 ' 3 L (n = 2, 3 and 
4 and L = 0, 1 and 2) excitations are compared with the available experiments and 
theories. Except for a few special cases the different theoretical calculations give almost 
the same values of the total cross sections. The results of the theory and results are given 
in our paper (Verma et al [7] and Verma and Srivastava [15]). Figure 5 shows DCS results 
for 2 3 5-3 3 D excitation in helium. Here comparison of theories with experiment is good. 

3.3 Excitations in lithium, sodium and potassium 

We find among the lighter alkalis the resonance excitation in lithium and sodium has 
received extensive attention and several theoretical and experimental results are available 
for both differential cross sections and angular correlation parameters as well as spin 
parameters. Potassium though being similar to sodium has not received adequate attention 
but now it has attracted interest from theorists and experimentalists. From this view point 
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Figure 6. Differential cross sections in units of a^sr' 1 for the electron impact 4 2 5- 

4 2 P excitation of potassium at E = 40 eV. Present FF results; Present 

IF results; Present HP results; - - - CCC results (Bray et al [28]); A Experiment 

(Vuskovic and Srivastava [39]). 
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Figure 7. Differential cross sections in units of afar ' for the electron impact 3 2 S- 

3 2 D excitation of sodium at ,- = (a) 10 eV and (b) 54.4 eV. Present FF results; 

_ _ Present IF results; IIP results; Experiment (Marinkovic et al [40]). 



it is interesting to study the electron impact resonance excitation in potassium at inter- 
mediate incident electron energies. For 4 2 S-4 2 P excitation in potassium some experi- 
mental and theoretical results are available (see Bray et al [28] and references therein). 

Again encouraged by several previous successful applications of the DWA calculations 
to explain experimental DCS and ACP data for alkalis, we considered it for the present 
calculations as well. A detailed calculation for DCS, alignment and orientation parameters 
and spin asymmetry has been carried out. Comparison of the experimental data and the 
theoretical results is made. The spin averaged DCS results are found to show overall good 
agreement with the other available theoretical results though all the theoretical results 
tend to lie above the experimental data but the structures are reproduced successfully. 
Further, our results for spin resolved L^, Lj_, and spin averaged L and asymmetry 
parameter are in reasonably good agreement with the only available coupled channel 
optical method results of Bray et al [28]. In addition the results of PI and 7 have been 
obtained for the first time. The details of the theory along with the results are presented in 
our paper [8]. As an illustration we have shown in figure 6 our DCS results favourably 
compare with other theories and the experiment. 

We carried out first systematic study of the electron impact excitation of the 3 2 D state 
from the ground state of lithium, sodium and potassium. The DWA results for DCS and 
total cross sections as well as ACP results are obtained in the energy range 10-100 eV. 
Our cross section results show good agreement where available with other theories and 
experiment. See for example, figure 7 showing the DCS results for sodium compared 
with recent experimental data. Our Stokes parameter results are also shown in figure 8 

and there are no other theory or experiment to compare. Rest of our results are given in 
.. **<**. nm 
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In the present talk we have given an outline of the DWA theory which we have applied to 
the excitation of lighter neutral atoms by electrons. Some details about the calculation of the 
Stokes parameters as well as alignment and orientation parameters are described. Selected 
few results for different excitations are also shown and compared with available other 
theories and experiment. We hope our work will simulate more similar theoretical and 
experimental work in order to provide meaningful comparison and definite conclusions. 
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